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PREFACE. 

IT has now come to be generally recognised that the 
most satisfactory method of teaching the Natural 
Sciences is by experiments which can be performed by 
the learners themselves. In consequence many teachers 
have arranged for their pupils courses of practical instruc- 
tion designed to illustrate the fundamental principles of 
the subject they teach. The portions of the following 
book designated Experiments have for the most part 
been in use for some time as a Practical Course for 
Medical Students at the Cavendish Laboratory. 

The rest of the book contains the explanation of the 
theory of those experiments, and an account of the deduc- 
tions from them; these have formed my lectures to the 
same class. It has been my object in the lectures to 
avoid elaborate apparatus and to make the whole as 
simple as possible. Most of the lecture experiments are 
performed with the apparatus which is afterwards used by 
the class, and whenever it can be done the theoretical conse- 
quences are deduced from the results of these experiments. 

In order to deal with classes of considerable size it is 
necessary to multiply the apparatus to a large extent. The 
students usually work in pairs and each pair has a separate 
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table. On this table are placed all the apparatus for the 
experiments which are to be performed. Thus for a class 
of 20 there would be 10 tables and 10 specimens of each 
of the pieces of apparatus. With some of the more 
elaborate experiments this plan is not possible. For them 
the class is taken in groups of 5 or 6, the demonstrator in 
charge performs the necessary operations and makes the 
observations, the class work out the results for themselves. 

It is with the hope of extending some such system as 
this in Colleges and Schools that I have undertaken the 
publication of the present book and others which are to 
follow. My own experience has shewn the advantages of 
such a plan, and I know that that experience is shared by 
other teachers. The practical work interests the student. 
The apparatus required is simple ; much of it might be 
made with a little assistance by the pupils themselves. 
Any good-sized room will serve as the Laboratory. Gas 
should be laid on to each table, and there should be a 
convenient water supply accessible ; no other special pre- 
paration is necessary. 

The plan of the book will, I hope, be suflSciently clear ; 
the subject-matter of the various Sections is indicated by 
the headings in Clarendon t}rpe ; the Experiments to be 
performed by the pupils are shewn thus : 

Experiment (1). To illustrate the Rectilinear Propa- 
gation of Light by the pinhole Camera. 

These are numbered consecutively. Occasionally an 
account of additional experiments, to be performed with 
the same apparatus, is added in small tjrpe. Besides 
this the small-tjrpe articles contain some numerical exam- 
ples worked out, and, in many cases, a notice of the 
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principal sources of error in the experiments, with indica- 
tions of the method of making the necessary corrections. 
These latter portions may often with advantage be omitted 
on first reading. A few articles of a more advanced 
character, which may also at first be omitted, are marked 
with an asterisk. 

A book which has grown out of the notes in general 
use in a laboratory is necessarily a composite production. 
I have specially to thank Mr Wilberforce and Mr Fitz- 
patrick for their help in arranging many of the experi- 
ments. Mr Fitzpatrick has also given me very valuable 
assistance by reading the proofs and suggesting numerous 
improvements. The illustrations have for the most part 
been drawn from the apparatus used in the class by 
Mr Hayles, the Lecture Room Assistant, and Mr E. Wilson. 

R T. GLAZEBROOK. 

Catbndish Labobatobt, 
February 15, 1894. 



Arrangements have been made with Messrs F. E. 
Becker and Co., 33, 35 and 37 Hatton Wall, E.C., 
to supply the apparatus required to perform the 
Experiments described in the following pages. Price 
Lists may be bad on application to them. 
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CHAPTER I. 



VISIBLE RADIANT ENERGY — LIGHT. 

1. The Nature of Light. Light is the physical 
cause of our sensation of sight. If we enter a room with 
closed shutters and which is in darkness, the objects in the 
room are invisible ; if we open the shutters to admit the day- 
light or strike a match they become visible. The flame of the 
match is the origin of some stimulus essential to vision to 
which the name of light is given. Again, the flame of a 
Bunsen burner, burning in the ordinary way, is practically 
invisible. It is however as we have seen *, a source of radiant 
energy ; the temperature of a thermopile or air thermoscope 
placed near it is raised by the energy absorbed from the 
flame ; if the air supply be cut ofl^, this emission of radiant 
energy continues, but in addition the flame now becomes 
visible ; some of the energy it emits can affect our eyes and to 
this we give the name of light. 

2. Luminous and Non-Luminous Bodies. A 

luminous body is one which of itself emits light; the sun, 
a lamp or candle flame, or a glowing white-hot substance, 
are examples. Most bodies are non-luminous ; they become 
visible only by means of light which they receive from other 
bodies and return to our eyes. Thus, when we light a lamp in 
a dark room and are thus able to see the objects in the room, 
it is because the light from the luminous flame falls on those 
objects ; part of this incident light is scattered by the objects, 
and reaching our eye renders them visible; it appears to us to 

1 See Heat, p. 182. 

1—2 
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come from the objects ; they are not luminous but are seen by 
light emitted originally by the lamp and diffused by them. 

3. Terms used in connection with Light. A 

substance through which light can be transmitted is often 
spoken of as a medium or optical medium; thus air, glass, 
water and many other substances are optical media. 

When a substance has identical properties at all points it 
is said to be homogenecms. 

Thus water, well-annealed glass, iron, brass, crystals of 
quartz or other material are examples of homogeneous bodies. 

A substance which has different properties at different 
parts is called heterogeneous. 

A substance which allows the passage of light and through 
which, if it be of a suitable shape ^, objects can be distinctly 
seen is called transparent', a substance through which light 
cannot pass is opaque: thus glass or water are transparent 
substances; iron and the other metals, stone, wood etc., are 
opaque. There are some substances which allow the trans- 
mission of light, but through which distinct vision cannot be 
obtained: these are called trcmelucent. Ground glass and 
oiled paper are such substances. 

The terms transparent and opaque are only relative; a 
thin layer of water is very transparent; as the thickness of 
the layer increases, the percentage of light which it can 
transmit becomes less ; the amount of light which penetrates 
to the bottom of the sea is very small indeed. On the other 
hand by reducing the thickness of a film of metal it can be 
made transparent. Thin fibns of iron, gold, silver, platinum 
and other metals have been made which allow the passage of 
a very appreciable quantity of light ; hence in comparing the 
transparency and opacity of various media we must have 
regard to the thickness of the media. 

When light enters an opaque medium it is said to be 
absorbed by it. 

^ The bearing of this will be seen later: glass is a transparent 
substance but distinct vision could not generally be obtained through an 
irregularly shaped lump of glass, objects seen through it would appear 
distorted. 
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For the present we deal only with the transmission of 
light through homogeneous transparent media. 

4. Rays of Light. In any homogeneous transparent 
medium flight travels in straight lines from each point of a lu- 
minous object. Any one of these straight lines is called a Ray 
of Light, An assemblage of rays emanating from one point is 
called a Pencil of Rays, When such a pencil falls on the eye 
of an observer it produces vision of the point from which it 
emanates. A pencil of rays usually takes the form of a cone. 
The axis of the cone OA^ 
fig. 1, is called the axis of 
the pencil. The direction in 
which the rays travel is 
shewn by the arrow-heads 
in the figure ^ When the 
light is travelling from the 
vertex of the cone as in 




Fig. 1. 



fig. 1, the pencil is said to be divergent. 

In some cases we consider a pencil of rays in which the 
light is travelling to the vertex of the cone, as in fig. 2. 
Such a pencil is said to be convergent 




Fig. 2. 



Fig. 3. 



A parallel pencil of rays (fig. 3) is one in which the rays 
which constitute the pencil are all parallel to one another. 

1 It will be found oonvenient to have an onderstanding as to the 
direction in whioh in the figures light is supposed to be travelling. We 
shall assume this direction, except where stated to the contrary, to be 
from right to left. 
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If the source of light be very distant^ such as a point on 
the sun's surface or a star, the rays reaching the eye from the 
source will all be practically parallel ; they will really form a 
cone with a very small vertical angle ; and the pencU will be 
a parallel pencil. 

When the vertical angle of the cone formed by the rays is 
small so that all the rays are close together the pencil is 
spoken of as a small pencil ; this is the case with most of 
those with which we have to deal, for the aperture of the pupil 
of the eye is small and the angle it subtends at a luminous 
point which can be distinctly seen is therefore small. 

Though we shall often have to speak of a ray of light, it 
must be borne in mind that it is not possible physically to 
isolate a single ray ; in reality we always have to deal with a 
pencil of rays. 

A luminous object such as the surface of a candle flame 
consists of a number of luminous points from each of which 
pencils of rays proceed in all directions. Some of these rays 
reaching the eye of an observer produce vision. 

When rays of light fall on a non-luminous object some of 
them are diffused by it. It is by these diffiised rays that 
the object becomes visible ; each point on the object becomes 
virtually a source from which rays are emitted in straight 
lines. 

5. The Rectilinear Propagation of Light. That 
light travels in straight lines in a homogeneous transparent 
medium can be shewn in various ways. For instance, a small 
object placed between the eye of an observer and a small 
distant luminous body hides the light when it is directly in 
the line between the two. The following experiment il- 
lustrates the fact. 

ExPEBiMENT (1). To illustrate the RectUinea/r Propagation 
of Light by the pinhole camera. 

Take a thin sheet of cardboard or metal and make a small 
hole about a millimetre in diameter through it. Place a 
lighted candle or other luminous object behind the sheet and a 
screen of translucent material such as tissue paper in front 
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shading the candle so that light may not fall directly on the 
screen except through the hole. An inverted picture of the 
candle is seen on the screen. 

Thus let AB (fig. 4) be the candle flame, the hole in the 
sheet. Eays of light diverge in all directions from any point, 
such as ^, of the candle flame. Of these a very small pencil 
passes through the hole and depicts at A' on the screen a 
picture of the luminous point A, The same is true for all 
other points of the flama A small pencil of rays from each 



A 




?^.» 



Fig. 4. 

point passes through the hole and a picture of the flame is 
thus produced on the screen. The rays cross at the hole and 
hence the picture is inverted. By varying the position of the 
screen it can be shewn from the size and position of the 
picture formed that the path of each ray is straight. 

Suppose now that a second hole is cut in the metal sheet 
at some little distance from the first, a second picture of the 
candle flame is formed, and if a number of holes be made 
there will be a corresponding number of pictures. Moreover, 
when the holes are close together, the corresponding pictures 
overlap and the outline becomes blurred; and when the 
number of holes is sufficient the separate pictures are replaced 
by a uniform illumination over a portion of the screen. The 
uniform illumination produced on a screen by light passing 
through an aperture of considerable size may be looked upon 
as arising from the innumerable overlapping pictures produced 
by the small pencils which pass through each elementary 
portion of the whole aperture. 
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For Bome of the experiments to be desoribed below a tmall source of 
light is required ; when such a source is employed it may be treated as 
a point from which the rays diverge. In many cases it is sufficient to 
use a gas flame turned down low; in others, when a more brilliant light 
is required, a small hole some 5 mm. in diameter may be bored in a 
sheet of metal and placed close in front of a good gas-burner; for 
demonstrations to a large class the ozyhydrogen lime-light or an arc- 
lamp may be needed. 

In many experiments the filament of an incandescent lamp affords & 
most satisfactory luminous object ; if necessary a shade can be fixed over 
the globe so as to prevent the passage of light ttom all except the straight 
portion of one leg of the filament. 

6. The fbnnation of Shadows. Another illustra> 
tion of the rectilinear propagation is afforded by the formation 
of shadows. Take a arnaU source of light 0, iig. 5, and place 




it at a distance of 2 or 3 metres from a wall. Cut a square or 
triangular piece of card ABCD and place it in a stand 
between the light and the wall with its plane parallel to the 
wall. A shadow A'BCiy is cast on the wall. This shadow 
is of the same shape as the cardboard and is such that, if linea 
be drawn from to all points of the boundary of ABCD, the 
points in which these lines cut the wall form the boundary of 
the shadow; within the area thus traced no light falls, out> 
side it the screen is uniformly illuminated. 

If the source of light be not small, it will be found that 
the shadow is not unSormly dark all over, the central part 
may be black but it will get brighter as we approach the 
edges. Thus arrange an ordinary gas flame to cast a shadow 
of a sheet of card some 10 cm. square on a paper screen at a 
distance of say two metres, the flat side of the flame being 
parallel to the card. Prick holes in the screen, (1) near the 
centre of the shadow, (2) at some point where the darkness is. 
clearly somewhat less than that in the centre, (3) near the 
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Fig. 6. 



Join ACy 



edge, and look at the gas flame through these holes. Through 
(1) no portion of the gas flame is visible, through (2) part of 
the flame can be seen, while 
through (3) nearly' the whole is 
visible. The black portion called 
the vmbra receives no light from 
the flame, the lighter part of the 
shadow called the penumbra is 
illuminated hj part of the flame 
and as the edge of the shadow 
is approached the portion of the 
flame from which light is re- 
ceived increases. This is illus- 
trated in flg. 6. 

Let AB represent a source 
of light, CJ) an opaque object 
somewhat larger than the source, 
and GEHF a screen on which a shadow is cast. 
ADy BCj BD cutting the screen in E, F, G, H respectively. 
Then clearly no light can reach the screen between E and 
H\ this part constitutes the umbra. Points between E 
and G or H and F respectively 
receive light from a portion of 
the source, the amount of light 
increases as the points approach 
G and F^ the outer boundary of 
the shadow. Consider any point 
between E and G \ join this point 
to C and produce the line to 
meet ABy then clearly light from 
any portion of the source between 
A and the line so drawn can 
reach the point on the screen, it 
will therefore be only partly in 
shadow. 

The conditions are somewhat 
difierent if the source of light 
is larger than the opaque object 
as in flg. 7. In this case the 




Fig. 7. 
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lines AC^ BD converge and may meet before reaching the 
screen; suppose they do meet, as at K, Then if the screen 
were placed between the opaque object and K there would 
be umbra and penumbra as before; if the screen passed 
through K the umbra would be reduced to a point, and if 
the screen be as in the figure beyond K there is no umbra ; 
moreover light can reach a point between H and E from both 
the bottom and the top of the source. An eye at such a 
point looking towards CD would see it as a dark object with 
light above and below. 

7. Eclipses. The eclipses of the sun and moon illus- 
trate the formation of shadows. A solar eclipse is caused by 
the passage of the moon between the sun and the earth. 
Moreover the sun is much larger than the moon, thus the 
shadow is formed as in fig. 7, while the distances of the sun 
and moon from the earth are such that the earth when tra- 
versing the shadow is always near the point K. When the 
earth is nearer to the moon than K^ the umbra or region of 
total eclipse covers a small area of its surface, and, as the 
moon moves on, this area traces out a narrow band of tota] 
darkness,; the breadth of the band depends on the distance of 
the earth from K. If the earth is beyond K there is no 
umbra, the eclipse is nowhere total, but for an area on the 
earth corresponding to EH^ in fig. 7, it is annular. An eclipse 
of the moon takes place when the earth passes between the 
sun and moon. The size of the earth is such that the point K 
is always well beyond the moon's orbit, thus the eclipse is 
never annular; the moon may however not pass completely 
through the umbra of the earth's shadow and in this case the 
eclipse is partial. 

The production of an eclipse may be illustrated experi- 
mentally, using a lamp with a ground-glass globe as the source 
of light and a ball or globe of smaller diameter to represent 
the moon. 

8. Illuminating power of a Source of Light. 

The amount of light emitted by different sources varies 
enormously : we shsJl describe, later, methods by which, for a 
given source, it may be measured in terms of the light emitted 
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by some standard: we will consider now the meaning of 
various terms which will be found useful. 

When dealing with radiant energy we have already 
explained how the radiating power of a given source is 
measured'. If we have a source emitting light uniformly in 
all directions the quantity of light which falls on a given area 
placed at a given distance from the source will be proportional 
to the whole amount of light the source emits : now clearly the 
greater the quantity of light emitted by a source, the brighter 
will the source be and the greater the illumination it will 
produce at a given distance. We may thus speak of the 
illuminating power of a source as measuring the total light 
energy it emits; this total light energy is proportional to 
the quantity of light which falls on a given area in any given 
position with regard to the source. For the sake of definite- 
ness let us consider the light which falls on a unit of area 
(1 sq. cm.) placed normal to the rays at a unit distance (1 cm.) 
from the source. This amount of light will be proportional to 
the total amount of light emitted and will therefore be a 
measure of the illiuninating power of the source. 

Definition of Illuminating Power. The quantity of 
which falls on a surface one square centimetre in area 
at a distance of one centimetre from a source ofUghty placed so 
as to he perpendicular to the raySy is called the Illuminating 
Pouoer of tJie Source, 

The illuminating power thus defined is proportional to the 
total quantity of light emitted by the source, when the source 
is emitting light uniformly in all directions. 

9. Intensity of Illumination at a point. Consider 
now a surface on which light is incident ; we may speak of the 
illumination of that surface, meaning thereby the quantity of 
light which it receives ; this will depend on the illuminating 
power of the source from which it is receiving light, on its 
area, and on its position with regard to the source. If the 
light is uniformly distributed over the area, the total amount 
received will be proportional to the area. Two square centi- 
metres will receive twice as much light as one, we are thus 

1 Heat, § 162. 
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led to consider the amount of light received hj each square 
centimetre of the area ; the brightness of the surface when at 
a given distance from the source will be proportional to this 
quantity ; again the amount of light received by the surface 
will depend on the direction in which the light falls on it as 
well as on its distance from the source; if the surface is placed 
so that the rays strike it at right angles, it will receive more 
light than if it were inclined to the direction of the rays, 
l^e maximum brightness then of a surface uniformly illumi- 
nated and placed at a given distance from a source will be 
proportional to the amount of light which falls normally on a 
surface one square centimetre in area placed at that distance 
from the source. 

This quantity of light is known as the Intensity of the 
Illumination at a point of the area. 

Definition of Inteniity of Illumination at a point. 

The Intensity of Illumination at a point is measured by the 
amount of light which faUe on a surface one square centimetre 
in area containing the point, placed so as to be perpendictUar to 
the rays of light. 

Suppose now that we have a surface uniformly illuminated 
and containing a square centimetres in area, and that the 
intensity of the illumination at each point of the surface is X, 
An amount of light X falls on each unit of area, thus the 
quantity which falls on the whole area is JTo, and if Q is the 
quantity received by the surface, we have Q = Xa. 

Hence Jr= — , 

a 

Thus the intensity of the illumination at any point of a 
uniformly lighted surface is found by dividing the whole 
quantity of light falling on the surface by its area. 

The above applies rigidly only to the case when the sarface is 
uniformly lighted. By taking however the area a sufficiently small we 
may treat any case as one of uniform distribution over a very small 
area, and thus we may say in general that the intensity of the illumina- 
tion at any point is measured by the ratio of the quantity of light falling 
on a small area containing the point and placed at right angles to the 
rays to the area when the area is made very small. 
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10. Law of the Inverie Square. It remains now 
to shew how the intensity of the illumination at a point 
depends on the distance of the point from the source ; the law 
is of course the same as that proved in HetU (§ 163), for the 
intensity of radiation at a point. 

Experiment (2). To verify the rectilinear propagation of 
light and to dedwcefrom it that the vrUenaity of the illumination 
at a point due to a small source is inversely proportional to the 
square of the distance of the point from the source. 

Take a small source of light; cut a hole (2*5 cm. in 
diameter) in a thin piece of wood or metal and place this with 
its plane vertical and the centre of the hole at the same 
height as the source at a convenient distance (25 centimetres 
suppose) from the source. Measure off a series of distances 
along the table equal to the distance — 25 cm. — between the 
source and the hole. Place a screen at the first of these 
marks; a circular patch of light is formed on the screen: 
measure the diameter of the patch, it will be found to be 
2 X 2*5 or 5 centimetres. Move the screen to the second mark 
75cm. from the source; the patch of light will be found to 
have increased in area and will now be 3 x 2*5 or 7*5 cm. 
across, thus the diameter of the patch is in all cases propor- 
tional to the distance of the screen from the source; the 
bounding rays of light travel outwards in straight lines ; the 
experiment illustrates the rectilinear propagation. 

Suppose now that ABCD, fig. 8, is a small aperture, 
a square centimetres in area, in a screen placed at a distance 




of 1 cm. from a source 0, the rays from fall on this aperture 
very nearly normally and pass through it. Consider a screen 
2 cm. from 0, the breadth of the patch of light formed on 
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this screen is as we have seen from the above experiment 
twice that of the aperture; its area therefore since it is 
proportional to the square of the side is 2'a. Now the 
same quantity of light which falls on the area a falls also on 
the patch, and this light is distributed over an area 2'a. 

Thus if / is the amount of light falling on unit area at 
the distance of the aperture — 1 cm. — that incident per unit 
area of the screen at a distance of 2 cm. is 7/2^ Now 
iimagine the screen to be removed to a distance of 3 cm., the 
area of the patch becomes 3^a and the amount of light per 
unit area 7/3'; when the distance of the screen becomes 
r centimetres, the amount of light falling on the screen per 
unit area is 7/r*. But 7, which is the quantity of light 
falling on unit area at unit distance from the source placed 
normal to the rays, is the illuminating power of the source, 
while 7/r^, the quantity falling on unit area at a distance of 
r cm., is the intensity of the illumination at a distance of 
T centimetres. 

Thus the intensity of the illumination at a point at a 

distance of r centimetres is -^ , and is found by dividing the 

illuminating power of the source by the square of the distance 
of the point from the source. 

This result is known as the law of the inverse square ; it 
may be stated thus. 

Law op the Inverse Square. Th^ intenaUy of the 
illumination at a paint dtie to a given sov/tce is inversely 
proportional to the square of the distance of the point from the 
source. 

The proof may be put rather difFe- 
rently thus. Let (fig. 9) be a source 
emitting light uniformly in all directions. 
Witii as centre describe a series of 
spheres of radii 1, 2...r cm. Light is 
energy travelling outwards from the source, 
and the same quantity of energy crosses 
each sphere per second. Now let I^ , /j . . . I^ 
be the amounts of light falling per secona 
on unit area of each sphere respectively. 
The areas of the spheres are 

4ir, 4irx2'',...4irxr3. Fig. 9. 
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Thus the total quantities of light falling per second on eaoh sphere 
respeotively are iirli, ^^I^t ... 4^^r> ^^^^ these are equal, thus 
4irrSI^=4irIi 

or Ir=^. 

But Ij is the illuminating power of the source, I^ the intensity of the 
illumination at distance r. 

11. Photometry. The various methods of comparing 
the illuminating powers of two sources of light are based on 
the law of the inverse square. 

By means of suitable apparatus, some forms of which will 
be described below, the two lights are made to illuminate 
respectively two neighbouring patches on a screen. The 
distance of one or other of the lights is adjusted until the 
two portions of the screen appear of sensibly equal bright- 
ness. When this is the case the intensity of illumination 
at a point on the screen due to each light is the same. Now 
if /, /' are the illuminating powers of the two lights, a, a' the 
distance of each from the part of the screen it illuminates, the 
intensities of illumination due to each are respectively //a^ 
and r/a'\ 

Thus, when these two intensities are equal, we have 
/ /' 



a'~ 


a"' 




5^- 



or 

Hence the illuminating powers of two lights are propor- 
tional to the squares of the distances at which they produce 
equal intensities of illumination respectively. 

12. Candle Power. It is necessary of course to have 
some standard of illuminating power, in terms of which the 
illuminating powers of other lights may be expressed. The 
standard ordinarily in use, though it is by no means a satis- 
factory one, is the illuminating power of the standard candle. 
Standard candles are sperm candles, six to the pound, burning 
at the rate of 120 grains per hour. Other sources of light 
such as a gas flame are compared with one or more such 
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standard candles, and by the candle power of any light is 
meant the number of standard candles which will have the 
same illuminating power as the light. 

We now proceed to describe one or two forms of pho- 
tometer. 

13. Rumford'g Photometer. Experiment (3). To 
determine the comdle power of a gas flame. 

Place an upright stick, fig. 10, some 6 or 8 cm., in front 
of a vertical sheet of white paper ; the surface of the paper 
should be unglazed ; arrange a candle A and a gas flame B to 




Fig. 10. 

cast shadows A\ B', respectively, of the stick on the paper, 
placing the lights so that the two shadows are close together. 
The shadow A' is illuminated by the gas flame B, whUe the 
shadow B' receives light from the candle A, On moving the 
gas flame away from the paper A' becomes darker, on moving 
the candle away B' becomes darker. Adjust the distances of 
the lights from the screen until the two shadows are equally 
intense. Let a, b be the distances of A and B from the 
screen, /« and If, the illuminating powers of the two lights. 

The intensity of the illumination over the screen due to A 
is /a/«^ *^** ^^6 to J? is /ft/ft", and these two are equal. Thus 

6" 



and 



a 
I-^ I 



,«-«• 
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If the candle A he a. standard candle its illuminating 
power is unity, thus /« = 1 and the candle-power of the gas- 
flame is b^la\ 

14. Bunien'g Photometer. Take a sheet of clean 
paper with a grease spot on it.. This may be made by 
dropping a spot of grease from a stearine candle on to the 
paper and removing the wax when hard with a knife. 

On placing the paper between your eye and the window or 
some other source of light, the spot appears brighter than the 
rest of the paper, it is more translucent and allows more light 
to pass. Now hold the paper against a dark background. The 
grease spot looks dark, it allows more of the light, falling on 
it from the front, to pass through and difluses less than the 
rest of the paper. 

Consider what happens when the paper is equally illumi- 
nated on both sides, the spot allows more light to pass through 
than the rest of the paper but diffuses less, these two effects 
just neutralize each other, and the spot and the paper appear 
of the same brightness. This may be verified as follows. 
Place two candles as nearly alike as possible on a table in a 
dark room at a distance of some 2 or 3 metres apart. Mount 
the paper with the grease spot in a suitable clip or stand 
which can be moved about between the candles. Place it 
between the candles, nearer to one than the other ; on looking 
at it from the side of the further candle the spot appears 
brighter than the rest of the paper, as it is moved towards 
the observer the spot gets less bright, and a position can be 
found in which it is hardly distinguishable from the rest of 
the paper. On moving the paper still nearer the observer the 
spot becomes darker than the rest. 

It will be found that the position in which the spot 
practically disappears is just hflJfway between the candles; 
and in this position the two sides of the paper, being at 
equal distances from two equal sources, are equally illumi- 
nated. 

15. The Optloal Benoh. For the above experiments 
and many others which will be described later some form of 

G. L. 2 
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optical bench is desirable. This consists of an arrangement 
by means of which a series of stands carrying various pieces 
of optical apparatus, such as a photometer disc, a lens or a 
mirror, can be made to slide backwards and forwards in a 
straight Una In most experiments the distances between 
the various pieces of apparatus are required. These distances 
are determined by means of a scale attached to the stand on 
which the uprights slide. A convenient arrangement for a 
bench is shewn in fig. 11. 




Fig. 11. 



A number of rectangular blocks of wood can slide on a 
wooden bar some 2 or 3 metres in length. The section of the 
bar is like an inverted T; a scale of centimetres, or if desirable 
of millimetres, is fitted to the bar. Two pieces of brass plate 
bent to an r shape are screwed on to the under side of the 
sliding pieces. The vertical parts of these pieces clip the bar 
fairly tightly but allow the stands to slide. One of the brass 
pieces carries a pointer by which the position of the slide can 
be read on the scale. 

To the upper side of these sliding pieces various stands 
are attached. One of these may be arranged to hold a lens, 
another a Bunsen disc or a cardboard screen, a third an 
incandescent lamp. Others again may be left flat, so that a 
piece of apparatus which it is wished to use can be clamped 
on to them. In any case care must be taken that the 
apparatus in each stand may be vertically above the pointer 
attached to the sliding piece ; when this is secured the distance 
between the two pointers gives the distance between the two 
corresponding pieces of apparatus. 
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In using the bench as a photometer the Bunsen disc is 
mounted in the centre upright, and the two lights which are 
to be compared are secured to two slides. If one of the lights 
be a candle, a hole may be drilled of the same diameter as the 
candle in a rectangular block of wood, of such a size that the 
candle flame is at the same height as the centre of the disc 
Set the candle at some convenient position on the bench. 
Suppose it to be at division 0. Place the gas-flame, if that 
be the second source, at the other end, suppose at division 300. 

Place the disc between the two and slide it about until a 
position is found at which any diflerence between the grease 
spot and the rest of the paper ceases to be visible; let the 
slider be at division 58. Repeat the observations, looking at 
the disc alternately from opposite sides. The various positions 
found for the disc should not differ greatly ; let the mean be 
60. Then the distance between the disc and the candle is 
60 cm., that between the gas-flame and the disc is 300 ~ 60 or 
240 cm. Thus the candle-power of the gas-flame is 240760* 
or 16. 

16. Experimental verification of the law of the 
inverse squares. In the preceding sections on photometry 
we have assumed the truth of this law. The following 
experiment may be made to verify it. 

Experiment (4). To itse Bwnaen^a photometer to verify the 
law of the inverse aquanres. 

Obtain five candles as nearly as possible alike. Mount four 
of these side by side on a block of wood — by drilling in the 
block four holes into which the candles fit — and the fifth on a 
separate block. If the candles are exactly alike we have two 
sources of light, one of which is four times as bright as the 
other. Place them on opposite sides of the Bunsen disc and 
adjust it until the grease spot disappears. It will be found 
that the four candles are about twice as far off from the disc 
as the one candle. Thus one candle at a certain distance 
from the disc produces the same illumination over the disc as 
four candles at twice the distance. 

Now if the law of the inverse square does hold, the 
illumination due to a single candle at a distance 2a is 1/2^ or 

2-2 
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1/4 of that due to a single candle at a distance a. Four 
candles then at a distance 2a should produce the same 
illumination as one candle at a distance a; the experiment 
shews that this is the case, thus the result of the experiment 
is in accordance with the law of the inverse square. 

A similar result may be obtained by using other com- 
binations of candles. 



EXAMPLES. 



BEClILINEAR PROPAGATION OF LIGHT AND PHOTOMETRY. 

1. What do you understand by the intensity of the illumination at 
a point, and how would you determine experimentally the law connecting 
the intensity of light with the distance from the source? 

2. Describe and explain some way in which the intensities of two 
sources of light may be compared. 

3. The gas supplied for public consumption is supposed to be of 
18-candle-power : what does this mean, and how would you determine 
the candle-power of a particular gas-flame? 

4. What is meant by the candle-power of a gas-flame, and how would 
you proceed to measure it? 

5. Explain the action of the grease spot photometer. How would 
you prove that the illumination on any surface is inversely as the square 
of its distance from the source of light? 

6. A gas-flame, when burning at the rate of 6 cubic feet per hour, 
placed at a distance of 100 inches from the screen illuminates it equally 
with a candle placed at 80 inches burning at the rate of 1 oz. in four 
hours. The gas costs 3«. 6(2. per 1000 cubic ft., the candles Is. per lb. 
Compare tibe cost of lighting a room with gas and candles respectively. 



CHAPTER 11. 

THE VELOCITY OF LIGHT. 

"1^17. The Velocity of Light. We have seen that light 
travels in straight lines. Homer discovered in 1656 that it 
travels with definite velocity. This velocity is very great, but 
still it can be measured. Sound also travels with a definite 
velocity, but its velocity is much less than that of light. 
The velocity of sound might be found by the following 
experiment. Two observers provided with good watches are 
stationed some miles apart. The one observer fires a cannon, 
noting the time at which the explosion occurs, the second 
observer notes the time at which he hears the sound. Thus 
the interval of time taken by the sound to traverse the distance 
between the two observers is known and hence the velocity 
of sound can be calculated. By observations similar to this 
it has been found that sound travels under ordinary conditions 
of the air at the rate of about 1100 feet per second. The 
velocity of light however is so great that a method such as the 
above would entirely fail to give any result. light we shall 
shew takes only about 8*25 minutes to reach us from the sun. 
Hence the interval of time occupied by its passage between two 
stations on the earth would be practically inappreciable to any 
but the most refined methods of measurement; an acoustical 
experiment however will make Homer's method clear. 

Let us suppose that a gun is fired from a fixed station at 
intervals of 15 minutes. An observer at some distance will 
hear the gun, also at intervals of 15 minutes provided he 
remains stationary, but suppose that immediately on hearing a 
report he walks towards the gun and that he has walked a 
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mile when the sound of the second report reaches him. To 
reach the observer this sound has to travel 1 mile less than 
the sound of the first; sound takes about 4*8 seconds to travel 
a mile, hence the interval between the two reports will be only 

14 min. 55*2 seconds instead of 15 min. On the other hand, 
if a second observer walks away from the sound at the 
same rate, the interval between the consecutive reports will be 

15 min. 4*8 seconds, the difference between the two intervals 
being the time taken by the sound in travelling over the two 
miles which separate the observers in the two cases. Thus if 
the observer, from the observations at the first station, were to 
infer that the interval between the reports was 15 minutes 
and that, as he walked towards or from the gun, he would 
hear the consecutive reports at intervals of 15 minutes he 
would be wrong; in the first case the reports would come before 
the calculated time, in the second they would be after it. 
Had he calculated the time at which he would hear the 
eleventh report he would find himself in the first case 10 x 4*8 
seconds too late; this 48 seconds being the time which it 
would take the sound to travel the ten miles between the 
stations at which the man heard the first and the eleventh 
report. If now the man walks back, the interval between the 
calculated and the observed time will get less and less, and 
when he again reaches the first station the two will exactly 
agree; he would hear the twenty-first report exactly at the 
calculated time. If on the other hand the man walks in such 
a direction that the distance between himself and the gun is 
not altered the reports are heard throughout at the calculated 
tima 

Now the earth as it moves round the sun is at a varying 
distance from Jupiter, and Jupiter has satellites or moons which 
move regularly round him, just as the moon moves round the 
earth. As one of these moons moves round Jupiter it is eclipsed 
by him about once every two days and disappears from the view 
of an observer on the earth. The time of revolution of the 
moon can be determined; hence the period between two succes- 
sive eclipses is known and is found to be 48 hours 28 minutea 
35 seconds. Now this period can also be directly observed. 

Suppose that ABCD (Fig. 12) represents the orbit of the 
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earth, S the sun, and J Jupiter. Let A be the point on the 
orbit furthest from Jupiter, C the point which is nearest 
to him. When the earth is at ul or C' it is moving at right 
angles to the line joining it to Jupiter, and the distance between 
the two does not alter greatly in the interval of two days 
between two consecutive eclipses, thus in these positions of the 
earth the observed interval between the eclipses is very nearly 
the same as the calculated interval of 48 hours 28 minutes 
35 seconds. 



-0. 



Fig. 12. 

Taking then the observations near A the times at which 
the various eclipses throughout a year should occur can be 
calculated. But on making observations it was found that, as 
the earth moved from A through B towards C, the eclipses 
always happened in advance of the calculated time, and by the 
time the earth has reached G an eclipse occurred about 16^ 
minutes before it was expected. As the earth during a second 
half-year travels back again to A, the observed times of eclipse 
approach their calculated value and the two agree when the 
earth is again at A. Compare this now with the illustration 
of the gun. 

The observed effects are similar. The discrepancy between 
the observed and calculated times will be explained if it 
takes light 16| minutes to travel across the earth's orbit from 
A to C. Now this distance is about 296,000,000 kilometres or 
184,000,000 miles, and it is traversed by light in 990 seconds. 

Thus the velocity of light is 296000000/990 kilometres, 
or 184000000/990 miles per second, 
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and this comes to be about 299,000 kilometres or 186,000 
miles per second. 

* 18. Aberration of the Stan. It was observed soon 
after the time of Homer that the apparent position of a star 
depended to a small extent on the position and motion of the 
earth in its orbit. Bradley shewed that this could be explained 
when the finite velocity of light was taken into account. The 
stars are seen in the direction from which the light appears to 
come ; now the direction in which anything appears to move 
depends partly upon the motion of the observer. If a bird be 
flying in the same direction as a train but at a less speed the 
bird will appear to an observer in the train to be going back- 
wards. 

Drops of rain falling on a still day descend vertically, but a 
man walking through the rain points his umbrella forwards; 
to him they appear to come from the front and to fall obliquely. 
The reason for this will be clear from an illustration. Let A 
(fig. 13) be a ball falling vertically and suppose an observer 
wishes to make the ball fall through a tube BC without contact 
with the sides. If the tube is at rest he must hold it vertically. 
Suppose however he wishes at the same time to move the 
lower end of the tube forward at a uniform rate, then it is 
clear that the tube must be held obliquely with its upper end 
pointing forward. 

For let BC be the axis of 
the tube when the ball is just 
entering it at B. Let A A' be 
the vertical path of the ball, 
and let BC have come to 
B'C when the ball is at A\ 
BV* is parallel to BC. Then 
provided B'C passes through 
A' the ball will still be in the 
tube and would to an observer . 

watching the tube appear to ^y^^ y^A 

be moving straight down it. 
But it is clear that if the tube ^«- ^^• 

were originally vertical there could not at a future time be 
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a point on its axis such as A' vertically beneath A ; in order 
then that the ball may fall vertically and yet pass through 
the moving tube this must be held obliquely and to an observer 
moving with the tube the ball would appear to move obliquely 
and not vertically. Moreover if a horizontal line A'A^ meet 
BC in A-^ then since a point on the tube moves through A^A* 
while the ball moves over AAl we see that A^A' is to AA 
in the ratio of the velocity of the tube to the velocity of 
the ball 

Now suppose the tube BC to be the telescope, and A a star 
from which light is coming in the direction AA\ the telescope 
is being carried forward by the motion of the earth, in order 
then that the light may travel down its axis it must be 
pointed not in the direction of the star but at an angle to it, and 
the inclination will depend on the ratio of the velocity of the 
earth to that of light. Now we know the velocity of the earth; 
if then we can observe the inclination between BC and the 
true direction of the light, the aberration of the star it is 
called, we can find the velocity of light. The best observations 
by this method lead to the value 299,300 kilometres per 
second. 

This method as well as that of Romer depends on a 
knowledge of the dimensions of the earth's orbit; the velocity 
of the earth is calculated from a knowledge of its distance 
from the sun, and this distance is not known with very great 
accuracy. Hence it is desirable to have some means of finding 
the velocity of light which is independent of astronomical 
observations. Two such have been devised and will be de- 
scribed in outline. 

^ 19. Flzeau's Method for finding the Velocity of 
Iilght. Let L (fig. 14) be a source of light and ABG a toothed 
wheel which can rotate in front of it. Let the light be so 
placed that the rays travelling to a distant point M have to 
pass through the intervals between the teeth, so that, as the 
wheel rotates, the light is alternately cut off by the teeth and 
allowed to pass through the spaces between them. At if a 
plane mirror is placed which reflects the light back to the 
wheel. 
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Suppose first that the wheel is at rest and in such a position 
that light can pass through a space and reach the mirror. It 
is there reflected back and passing through the same space 
may fall on the eye of an observer placed to receive it. He 
sees a bright spot in the mirror. 




Fig. 14. 

Now let the wheel be made to rotate at a uniform rate. 
It takes the light some time to travel from A to M and back 
again and it is possible so to adjust the speed of the wheel that 
by the time the light, which passed through any space, again 
arrives at the wheel a tooth shall have taken the place of that 
space ; the result will be that the light vdll no longer pass 
through to the eye but will be stopped at the wheel, the bright 
spot seen before will now be eclipsed. 

Thus if the wheel be turned so as to eclipse the bright 
spot we know that the light has travelled from A to M and 
back in the time taken by the tooth in coming into the position 
previously occupied by the space. If now the number of turns 
made by the wheel per second be known and also the number 
of teeth on the wheel, this time can be found and thus by 
measuring the distance AMj doubling it, and dividing it by the 
time the velocity of the light can be obtained. In some 
of Fizeau's experiments the distance AM was 8663 metres and 
the wheel had 720 teeth. Thus in 1/7 20th of a turn each 
tooth came into the position previously occupied by the tooth 
in front of it, while in 1/2 x 720 of a turn a tooth would come 
into the position previously occupied by a space. Now Fizeau 
found that the light was eclipsed when the wheel made 12*6 
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turns per second. Thus each turn took 1/12*6 seconds and 
teeth and adjacent spaces interchanged positions in 

1/12-6 X 2 X 720 second. 
This reduces to 1/18144 of a second, and in this time the light 
had travelled 2 x 8663 or 17326 metres. 

Thus the velocity of light is from these experiments 
17326 X 18144 or about 314000000 metres per second. 

Comu in 1876 using better apparatus found the value 
300,400,000 metres or 300,400 kilometres per second. 

The arrangement of apparatus actually employed is shewn 
in fig. 15. 




Fig. 16. 

"1^20. Foucault's Method. In expeiiments by this 
method light from a small 
source, a narrow slit, S^g. 16, 
falls on a mirror B^ is reflected 
to another mirror Jf, reflected 
back to Ej and hence back to 
SUB remains fixed. The 
mirror E however can be made 
to rotate about a vertical axis, 
so that by the time the light 
again reaches it it has turned 
through a small angle into the 
position i?'. The reflected 
beam therefore does not come pjg Ig 

back to S but to a neighbour- 
ing point aS*, and the distance SS' can be measured. 
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From this the angle turned through by the mirror, whilst 
the light has been travelling from B to M and back, can be 
found and hence, if the rate of rotation of the mirror be known, 
the time which it has taken the light to move over twice the 
distance EM is obtained. Knowing the distance BM we find 
the velocity of lights By this method Michelson found the 
value 299,940 kilometres per second. 

Summing up the results then we may say that light travels 
in vacuum at the rate of about 300,000 kilometres per second. 

21. The Nature of Light. light then in a homo- 
geneous medium travels in straight lines with a definite 
velocity ; from our experiments we can obtain the conception of 
a ray of light as the straight path along which the light travels. 
Now other experiments which we are about to consider shew 
us that when light passes from one medium to a second the 
rays are bent out of their course at the surface of separation. 
They continue straight in the second medium, but they are 
inclined to their former direction ; moreover some of the rays 
do not enter the second medium at all, they are reflected or 
bent back into the first and continue to pursue a straight path 
inclined at an angle to that which they previously followed. 
The laws of this reflexion and refraction have been established 
by experiment and we can learn much by attempting to develope 
their consequences. This constitutes the science of geometrical 
optics, and it is this branch of optics with which we have to 
deal at present. 

We might go further and ask the question. What is light 1 
Physical Optics deals with this, and we are taught by it that 
Light is radiant energy transmitted by the vibrating motion of 
the ether. The Science explains how it is that light travels in 
straight lines and what is meant by a ray ; we learn from it that 
a single isolated ray, such as we sometimes conceive of in our 
mathematical reasoning, can have no existence by itself. It 
explains the causes of reflexion and refraction and enables us 
to deduce from some simple principles the laws which have 

^ The above gives merely the outline of the two methods and the 
figures are only diagrams to shew the path of the light. For further 
particulars see Glazebrook, Text-hook of Physical Optics^ Chap. xvi. 
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been discovered by experiment. We proceed therefore to state 
the laws, leaving for the present their explanation as a con- 
sequence of the wave theory of the ether, and merely deducing 
the geometrical consequences of the facts that light travels in 
straight lines which are reflected and refracted according to 
certain laws. 

22. Oraphical methods of solution. In a large 
number of the experiments which will be described graphic 
constructions will be found necessary ; much can be learnt with 
the aid of a rule and a pair of compasses ; a small set square 
is also useful. A large sheet of paper is pinned down to a 
drawing-board, and the plate or prism at whose surfaces re- 
flexion or refraction is to occur is placed on it. The direction 
of an incident ray can be flxed by placing two pins upright 
on the paper and drawing a line through the points in which 
they stick into the board; the directions of reflected or refracted 
rays can be fixed in a similar way. 



EXAMPLES. 

1. Explain carefully how it is inferred from obserrations on Jupiter's 
satellites that light travels with a finite velooity. 

2. Describe the method adopted by Fizean for determining the 
velocity of light. 

3. How has it been shewn experimentally that the velocity of light is 
about 8 X 10^^ cm. per second? 

If the velocity of light were about y^Anr of ^^ above value, what 
changes would take place in the apparent positions of the fixed stars at 
different times of the year? 



CHAPTER III. 

THE REFLEXION OF LIGHT. 

23. Reflexion of Light. When a ray of light 
travelling in any medium falls on the polished surface of a 
second medium, part of the incident light is reflected according 
to certain laws. 

Deflnition. A line draumfrom any point of a siur/ace so 
08 to be perpendicular to the sv/rface at thai point is called a 
formal to the Sv/rface. 

Laws op reflexion. (1) The incident ray^ the normal to 
the surface at the point of incidence, and the reflected ray lie in 
one plane. 

(2) The angle between the reflated ra/y a/nd the normal is 
eqtLol to that bettueen the incident ray and the normal. 

The plane which contains the incident and reflected rays 
and the normal to the surface is called the plane of incidence, 
the angle between the incident ray and the normal is the 
angle of incidence, that between the reflected ray and the 
normal the angle of reflexion ; when the incident ray is per- 
pendicular to the surface, thus coinciding with the normal, 
the incidence is said to be direct 

In many optical experiments the arrangements which are best 
suited for demonstration to a large class are not so well adapted 
for measurement purposes by the students, we shall generally describe 
briefly the arrangements for illustrating a demonstration and more fully the 
practical experiments which should be done by the students individu- 
ally; the demonstration experiments will usually require a lantern of some 
form. 
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24. Verification of the Laws of Reflexion. Ar- 
range the lantern to give a narrow beam of approximately 
parallel rays. Fix a plane mirror at the centre of a 
graduated circle as in fig. 17, with its plane at right 
angles to that of the 
circle, and in such a way 
that it can turn about 
an axis in its own 
plane normal to the circle. 
The stand carrying the 
mirror should have a 
pointer attached, and the 
mirror should be adjusted 
so that this pointer may 
be at right angles to its 
plane. The end of the 
pointer moves over the 
graduated circle and the 
reading of the pointer 
gives the position of the 
normal to the mirror. 
Stretch a piece of oiled 
paper over a wooden frame 
which can rest on the 
plane of the circle and 
draw a vertical line with 
a pencil on this paper. Place the paper with the vertical line 
over the division 0° of the circle and arrange the lantern so 
that the beam of Gght may fall centrally on the mirror, while 
the narrow vertical patch of light produced on the screen is 
bisected by the pencil line ; thus the central ray of the beam 
passes over the division 0° of the scale and the angle found 
by reading the position of the pointer gives the angle of 
incidence. Move the screen about until the reflected beam 
falls on it and adjust it, keeping the foot of the pencil mark 
on the circle until the bright patch is again bisected by the 
pencil line; the position of the line now gives that of the 
central reflected ray. Read on the scale the position of the 
foot of the line, the angle between this and the pointer is the 
angle of reflexion, and will be found to be the same as the 




Fig. 17. 
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angle between the pointer and the incident ray. Thus if the 
reading of the incident ray be 0* and that of the pointer 30*, 
the reading for the reflected ray will be 60°. 

With this apparatus a series of observations may be 
made, varying the angle of incidence and observing the 
corresponding angle of reflexion. The same apparatus can be 
used to shew that if a mirror on which light is incident in a 
given direction be turned through any angle the reflected 
beam is turned through twice the angle. For take a series of 
readings thus. 

Reading of incident light 0"*. 



ing of nonnal. 


Beading of reflected Ught. 


15' 


30' 


20° 


40° 


30' 


60* 


40' 


80' 



Thus while the normal and therefore the mirror turns 
through 5° from 15* to 20°, the reflected beam turns through 
10° from 30° to 40°, or again while the normal and therefore 
the mirror moves over 25° from 15° to 40°, the reflected beam 
moves over 50° from 30° to 80°. This law may be shewn to 
be a simple consequence of the law of reflexion. 

In order to verify the first law of reflexion arrange the 
apparatus so that the incident beam is horizontal and the 
plane of the circle also horizontal, it will be found that thfe 
reflected beam is also horizontal. 

Experiment (5). To verify the laws ofrefleooion. 
Fasten a sheet of paper on a horizontal drawing-board and 
place on this a piece of looking-glass arranged so as to be 
vertical. This is best done by securing the looking-glass on 
to one face of a rectangular block of wood. The wood can be 
laid on the paper and held in position with a weight, the 
lower edge of the looking-glass should just rest on the paper. 
Draw a line ABC^ fig. 18, on the paper coinciding with the 
edge of the mirror. At B draw by aid of the set square 
a line BD at right angles to ^^, then BD is normal to the 
mirror. Draw a third line LMB meeting the mirror obliquely 
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at B making an angle of about 45*" with the normal ; at two 
points Z, M of this line stick 
two pins vertically into the 
paper ; look at the mirror ob- 
liquely, reflexions of the two 
pins will be seen; move your 
head about until when looking 
with oneeye the reflexionsof the 
two pins appear to be in the same 
straight line, so that the image 
of one pin is exactly behind that 
of the other. When this is the 
case stick a third pin into the 
board at iT so that it may also 
appear in the same straight 
line as the two reflexions ; join 
i\rto-B. Then an incident ray 
falling on the mirror along 
LMB is reflected along BN, 

To shew that the angles of incidence and reflexion are 
equal, take a point L' on BN making BU equal to BL and 
draw LU cutting BD in D, Then it will be found by 
measurement that LD is equal to L'D^ thu^ the triangles 
BLD^ BL'D are equal in all respects and the angle LBD is 
equal to L'BD. Moreover if LB be taken as an incident ray 
it is clear that the incident ray, the normal BD, and the 
reflected ray lie in one plane. 

This may be shewn otherwise thus. Arrange the pins at 
L and M so that their heads may be at the same height above 
the board. Arrange the pin at N so that its head just covers 
the heads of the reflected pins : then the incident ray joining 
the heads oi LM travels parallel to the board and it will be 
found that the head of the pin at iV' is at the same height 
above the board as those of the other two. Thus the reflected 
ray is also parallel to the board. 

25. Images. It may often happen that a pencil of 
rays diverging from a point is caused by reflexion or refraction 
either to converge to or to appear to diverge from a second 

G. L. 3 
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point. In either case the second point is called an Image of 
the first point. 

Images may be either real or virtual. 

Deflnittons. (1) When a pencil of rays diverging from 
a point is made hy refteodon or refraction to converge to a second 
point, thai second point is called a Real Image of the fvrst 
point. 

(2) When a pencil of rays diverging from a point is made 
by rejfleocion or refraction to appea/r to diverge from a second 
point, that second point is called a Virtual Image of the f/rst 
point. 

In the case of a real image of a point the rays which form 
it actually pass through it ; in the case of a virtual image the 
rays which form it would, if produced backwards, pass through 
it^ but do not actually do so. 

The image of any object is made up of the images of 
the various points which form the object. PcDcils of rays 
diverging from each of these points are made to converge to 
or to diverge from a series of images of those points, and this 
series of images constitutes the image of the object. 

When rays diverging from an image fall upon the eye 
they produce vision of that image in the same way as if it 
were actually a source of light; if rays converging to a real 
image be allowed to fall on the eye before they reach the 
image, there will in most cases be no distinct vision produced, 
but only a general impression of luminosity; if on the other 
hand they be allowed to fall on the eye after they have 
converged to and when diverging from a real image they will 
produce vision of that image. Moreover, if a white screen be 
placed in the position of the real image the screen will scatter 
or diffiise the incident light in all directions, and the image 
will become visible from all points from which the screen can 
be seen, instead of merely from positions in which the light 
diverging from the image can reach the observer's eye. 

The pins seen by reflexion in the last experiment are 
virtual images. Many other examples of both real and virtual 
images will be given later. 
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Experiment (6). To find by experiment the position of the 
image of a point seen by reflexion in a plome mirror. 

Set up the plane mirror^ as before on the drawing-board. 
Let ABy fig. 19, be its trace. 

Place an upright pin in the board at Z, and a series of 
pins JfiJfa, etc. at intervals of about a centimetre against 
the front face of the glass. The figure and all such figures 
should be constructed on a much larger scale than can be 
shewn here; the point L being some 20cm. from the glass. 




Fig. 19. 

Join XJ/j, ZJfa, etc., thus drawing a series of incident rays. 
Look obliquely at the glass, moving the head until the 
reflexion of the pin L is seen in a straight line behind M-^^ and 
place another pin N-^ in the board to cover these two, so that 
i^i, J/j and the reflexion of L are in one line, then M^N-^^ is 
the reflected ray corresponding to the incident ray LM^, 
Proceed thus for the various incident rays LM^, LM^^ etc., 
placing in pins N^^ N^ etc. so that M^N'i, M^N^ are the 

^ If a silvered mirror be used for this it should be thin, otherwise 
«rror is mtroduced by the refraction through the glass; it is better to use 
the reflexion from the frorUt surface of a thick rectangular block of glass, 
a block such as is used for a letter-weight will be found convenient. Care 
must be taken to avoid confusion with the images formed at the back. 
These may be avoided by covering the back face with a piece of black 
velvet or of moist blotting-paper. 

8—2 
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reflected rays. Remove the mirror and draw the reflected 
rays by joining iTjJ/aj ^8^«> ®*c. Produce the rays back- 
wards, it will be found that they meet at a point such as L\ 
Join LL' cutting the front of the mirror AB^ or the front 
produced, in A suppose. Thus rays of light diverging from L 
appear after reflexion to diverge from L\ hence L is a virtual 
image of L, Moreover it will be found from the figure 
by direct measurement that LU is perpendicular to the 
mirror and that L'A is equal to LA, 

Thus the image of a point formed by a plane mirror is 
virtual and its position is obtained by drawing a normal from 
the point to the mirror, and producing it as far behind the 
mirror as the point is in front of it. This result may be 
verified in the following way. 

Experiment (7). To verify the position of the inmge of a 
point formed by a plane mirror. 

Take two pins which are rather longer than the height of 
the mirror. Stick them upright into the board, one some way 
in front of, and the other behind, the mirror. On looking 
obliquely at the mirror, if the pins be suitably placed it will 
be possible to see simultaneously the one pin reflected in the 
mirror and the second pin over the mirror. Now the second 
pin may be placed so that it appears from all positions from 
which it is visible to be a continuation of the image of the 
first which is terminated by the upper edge of the mirror. 
When this position is found, as the observer's eye is moved 
about, the two, the real pin and the image, do not separate, but 
remain continuous. Find by experiment this position, then 
it is clear that the second pin coincides with the image of the 
first. Draw on the paper, as in the previous experiment, the 
trace of the mirror and mark the positions LL' of the two 
pins. Join LL' cutting the mirror in A, Then measurement 
will shew that LA is equal to L'A and is perpendicular to the 
mirror. Thus the statement which we wished to prove is 
verified. 

The last two experiments may be performed before a class by using 
apparatus on a large scale. Knitting needles held in suitable stands 
serve for the pins, or in the case of. Experiment 7 two luminous objects 
such as two gas burners of the same height may be used. Two in- 
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candescent lamps mounted on snitable stands serve very well. In this 
case a large sheet of plate glass should be used for the reflecting surface. 
One lamp is placed in front of the sheet, the other behind it, and the 
latter is adjusted until as viewed through the glass it coincides with the 
luminous image of the first. A slight error is introduced by the refrac- 
tion through the glass, but it is very small if the glass be not too thick. 

26. 0*601116111081 oonstruotion to find the image, 
of a point, formed by reflexion at a plane surfkce. 

Let AB (fig. 20) be the trace of the surface, P the luminous 
point. Draw PM perpendicu- 
lar to the surface and produce 
it to P', making MP* equal to 
PM, Let PR be any incident 
ray. Join P'R producing it to 
Q, then RQ shall be the re- 
flected ray. Draw RN normal 
to the surface at R, 

Then from the construction 
PR, RQ and RN are in one 
plane. 

Also in the triangles RPM, 
RP'M, the side PM = MP' and 
MR is common. 

Moreover 

the angle PMR^th^ angle P'MR, 
both being right angles. 

Thus the triangles are equal in all respects and 
the angle RPM^ the angle RFM. 

But since RN and MP are parallel, 

the angle NRP^thB angle RPM, 
and the angle NRQ = the angle RP'M, 

Therefore the angle NRQ = the angle NRP. 

Hence RQ is in the same plane as the incident ray and 
the normal, and makes with the normal an angle equal to 
the angle of incidence. 

Thus RQ is the reflected ray. 

Now PR is any incident ray, hence the reflected ray 
corresponding to any incident ray passes through P\ Thus 
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all the reflected rays pass through F* ; hence F* is the image 



27. To trace the rays by which an eye sees a 
luminous point reflected In a mirror. Let AB, fig. 21, 
F the lumi- 

A 




be the mirror, 
nous point, E the eye. Draw 
FM perpendicular to the 
mirror and produce it to F\ 
making MP' equal to MF, 
F' is the image of F. The 
light after reflexion appears 
to come from F\ Join the 
centre of the eye to F' cut- 
ting the mirror in jS. A 
small cone of rays with P'RE 
as axis, appearing to diverge 
from F' enters the eye and 
produces vision, the direction 
of the rays behind the mirror 
is shewn in the figure by dotted lines. The rays however 
really come from F ; their directions then before incidence are 
found by joining the points where each ray respectively cuts 
the mirror to the source F, Thus join PjB, then FR is the 
axis of the incident small pencil by which vision is produced, 
and the other rays of the pencil travel as shewn, tiie image 
is virtual. 

28. To trace the rays by which a luminous 
object placed In firont of a mirror Is seen. For this 
purpose we have merely to make a construction similar to that 
of t^e last section for each point of the object. Thus let the 
object be the arrow FQ^ fig. 22. 

Draw FF\ QQ' perpendicular to the mirror, taking points 
P', Q' as far behind as P, Q are in front. P', Q' are the 
images of P and Q. Small pencils of rays, appearing to 
diverge from P', Q' respectively, reach the eye. The rays in 
these pencils really diverge from P and Q. Thus join to P, © 
respectively the points where the lines joining the eye to P' 
and Q' cut the mirror. These lines give the path of the 
incident light. 
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The figure shews that in this case the image PQl is of the 
same size as the object PQ, and is virtual. 

A plane mirror produces a virtual image of an object of 
the same size as the object. 




Fig. 22. 



29. Lateral inversion due to reflexion. There is 
however a difference between the object and the image which 
must be noted If an observer looks from E at the object the 
point F is towards his left hand side, Q towards his right hand; 
on the other hand in the image P' is to the right, Q' to the left. 
The image is inverted right to left. This is always the case. 

The inversion may be illustrated by various observations. 
Thus draw the letter i> on a sheet of paper and hold it near 
a vertical mirror with the straight side vertical and the convex 
side towards the mirror (fig. 23), looking at it from a position 
such that the mirror is on your left. The image seen is 
also the letter D with its convexity towards the mirror, that 
is towards the left hand of the observer. 

Or again, hold up your right hand before a mirror with the 
palm facing the mirror, the image seen is a left hand. Note 
this by holding the left hand with its palm facing you against 
the mirror. 

Write your name in ink on a sheet of paper and while the 
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ink is wet press a sheet of clean blotting-paper on it, the 
writing on the blotting-paper is inverted. Hold up the 
blotting-paper with the writing towards the mirror; it is re- 
inverted and becomes legible. 




Fig. 23. 



30. Reflexion at two or more plane surfkces. 

If a ray of light after reflexion at a plane mirror falls on a 
second plane mirror it is again reflected according to the same 
laws. In finding the position of the image formed by this 
second mirror it must be remembered that the light when 
incident is travelling as though it came from the image formed 
in the first mirror. For the second reflexion then this first 
image must be treated as the source and the position of the 
second image found from it in the usual way. 

(1) Two parcUUl mvrrors. This case is sometimes exem- 
plified in a room having two mirrors fixed on opposite walls. 
If a lamp or gas-light be placed between the two an observer 
looking into either mirror will see a long string of images. 

(a) To find the positions of the images formed by refleodon 
aJb two parctUel mirrors and to trace the path of a ray reflected 
at the two. 
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Let JTZ, MN (fig. 24) be the two parallel mirrors, P the 
source of light Draw APB perpendicular to the mirrors and 
produce it in both directions. A ray PQ falling on the first 
mirror at Q is there reflected and appears to come from the 
image of P. 

Take a point P^ on PA produced making AP^^ equal to AP, 
Pi is the image. Join P^Q producing it to meet the second 
mirror in jR; QR ib the first reflected ray. After reflexion 
at B the ray comes from the image of P^ in the second mirror 




Fig. 24. 



Take P^ in PB produced such that P^B = PiB, then P^ is 
the image of Pi in the second mirror. Join P2R, producing it 
to meet KL in S, RS is the ray reflected once at the second 
mirror. The ray is now again reflected in KL and comes from 
Pj the image of P^ in the first mirror, P, being a point on AB 
produced such that P^A = AP^ Join P^S and produce it to T, 
Then ST is the reflected ray. We thus get an infinite series of 
images lying on the line AB, of these the eye only sees a 
limited number because light is lost after each reflexion and 
after a time the intensity of the reflected light becomes too 
small to cause vision. But we have started with a ray which 
was reflected first in the mirror KL, Some of the light may 
fall directly on the mirror ifiT, be reflected there and then 
reach KL, There will thus be a second series of images 
F, F\ F" etc. such that F is the image of P in MN, so 
that BF = BP, F' is the image of F in KL, so that AF' = AP\ 
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and so on and there will be another series of reflected rays such 
as FQ'BfS^r. 

When the mirrors are parallel an infinite number of images 
can be formed ; the light however is weakened at each reflexion 
and so the number visible is limited. 

{b) To trace the path of the ra/ys by which the eye sees cm 
object by reflexion in two parcUld mirrors. In this and similar 
cases it must be remembered that a small pencil of rays is 
always needed to produce vision. For the sake of clearness 
in the diagram however only the axis of the pencil is drawn. 




Fig. 26. 



Determine the position of the images P^ Pj, P, etc. as 
above. 

In order to trace the rays by which Pg is seen by an eye E, 
join E to Pj cutting the mirror KL in ^3. Q^E is the axis 
of the pencil, P, is an image of P2 and the ray Q^E before 
reflexion was coming from Pg. Join Pg to Q^ cutting the 
mirror MN" in H^, F^ is an image of Pj and B^Qs before 
reflexion was coming from Pj. Join Pi to Pg cutting KL in 
Ss' Pi is the image of P and S^R^ before reflexion came from 
P. Thus the axis of the pencil by which the third image Pj 
is seen is PS^R^Q^E, In a similar manner the axes of the 
pencils by which any other images are visible can be determined. 
Thus for Pj the path of the ray is PRjQ^ and for Pi it is PQ^E, 
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In all such cases the path is best traced by joining the eye to the 
image seen, joining the point where this line cuts the mirror to the 
previous image, and so on. 

(2) Two mirrors inclined at any angle. 

(c) Tojmd the position of the imagee formed hy reflexion at 
two plane mirrors inclined at any angle. 

Let AO^ BO (fig. 26) represent the mirrors meeting at 
0. Let P be the luminous point. Draw PM perpendicular 
to AO meeting AO m M and produce it to Pi so that 
PjM= PM. Then P^ is the image of P, 

Now, in the triangles MOP and MOP^^ PM is equal to P^M 
and MO is common, while the angles at M are right angles. 
Thus the triangles are equal and OP is equal to OP^* Thus 
P and Py both lie on a circle with as centre. Describe this 
circle with radius OP cutting the mirrors in A and B. 
Then we see that the arcs AP and AP^ are equal. Now find 
Pj the image of P^ in the mirror B, We can shew in the same 




way that P^ is on this circle and that the arc BP^ is equal to 
the arc BP^, Thus the images lie on the circle APBA'F, A'E 
being the points in which AO and BO produced cut it — its cir- 
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cumf erence takes the place of the straight line in the first case 
— and their position is found by drawing the circle centre 
radius OP and taking points Pi, P^ etc. such that AP^ = AP, 
BP^ = BP^ APf^AP^ etc. 

The path of a ray is given by a similar construction to that 
already used. 

Let PQ (fig. 26) be any ray cutting the mirror OA in Q, 
Join PiQ cutting the second mirror OB in R, Join P^R 
cutting OA in S, Join P^S and produce it to T, Now 
suppose as in the figure that P, is the first image which falls 
between A* and R. Then it is clear from the figure that Pg/S 
must cut the mirror OB produced between and B". No 
ray therefore proceeding from P, can fall on the second 
mirror OB, There can therefore be no image of P, formed 
by reflexion in the second mirror and the number of images 
is limited. The limiting 
number depends on the B 

angle between the mirrors, 

in figure 26 as drawn it ^^!\ 
is three. In addition we 
have the images P', P", 
P'" formed by rays which 
are first reflected in the 
mirror OBj making six 
altogether. 

If the two mirrors were 
at right angles as in figure 
27 each series would contain 
two images but the second 
images of each series would coincide ; this is shewn in figure 
27 at P,Q^. 

(d) To trace the rays by which the various images formed 
by ttoo plane mirrors are seen by an eye looking into the angle 
betioeen the mirrors. 

The method of doing this is exactly the same as that given 
above in (6) and the description applies using fig. 28 instead 
of fig. 25. 



j p^ — ""T^-'ip I 




Fig. 27. 
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Fig. 28. 
In fig. 28 PiPJPz are the images, and the axes of the 
pencils by which they are seen are respectively PS^R^Q^E, 
PR^Q^ and PQ^E. 

31. Experiments on multiple reflexions. The 

results obtained by geometrical construction may be verified 
by various experiments. Thus : 

(a^ Experiment (8). To shew that the imctges formed by 
reflexxona from two plane mirrors lie on a circle. 

Fix to the table two sheets of glass with their planes 
vertical and inclined at any angle to each other, an angle of 
50° or 60° will be convenient. Place a source of light in the 
angle between the two sheets. An incandescent lamp may be 
conveniently used for demonstration purposes. On looking 
into the angle between the mirrors a number of images are 
seen. Place a second similar object behind the glass and move 
it about until it coincides in turn with each of the images 
seen by reflexion. Measure in each case the distance of this 
object from the vertical line of intersection of the mirrors. 
These distances will all be found to be equal, and the same 
as the distance of the source from this vertical line of inter- 
section. Thus the source and its images lie on a circle. The 
arrangement of the apparatus is shewn in fig. 29. 
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(b) The Kaleidoscope. If the angle between the 
glass plates be 60° five images will be seen, and these with 
the object will be arranged symmetrically with respect to the 
mirrors. This is made use of in the kaleidoscope ; in its 
simplest form the instrument consists of two long narrow 
mirrors enclosed in a tube and inclined to each other at 60**. 
One end of the tube is formed by a piece of metal or card- 
board with a hole at its centre, the other end of the tube is 
closed with a piece of ground glass. An observer looking 




Fig. 29. 

through the hole along the axis of the tube at any object on 
the glass would see a symmetrical six-fold pattern formed by 
the object and its five images in the mirrors. A number of 
pieces of coloured glass rest on the ground glass and can be 
shifted about by moving the tube. As this is done the 
pattern seen changes its arrangement. 

In this case when the angle is 60° there are three images 

in each of the series such as FiP^ p'pt'p'f ^^^ ^^ shewn 

in fig. 26, but the third images of each series overlap, thus 
reducing the number seen to five, one of the five being really 
formed by two coincident images. 
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(c) Multiple images formed by a thick mirror. 

Place a candle or lighted taper 
close in front of a mirror of 
thick glass and look somewhat 
obliquely at the mirror. A 
number of reflexions will be 
seen as shewn in fig. 30, of 
these the image nearest to 
the candle is fainter than 
the succeeding one which is 
the brightest of the series, 
the others gradually decrease 
in brightness. This first 
image is formed by light 
which is reflected from the 
front surface of the mirror; 
most of the incident light 
penetrates the glass being re- 
fracted at the first surface. 




Fig. 30. 



On reaching the silver at the back it is all reflected and most 
of it is again refracted out at the front, appearing to come 




Fig. 31. 
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from the second and brightest image, some however is re- 
flected back from the front surface of the glass and emerges 
after two or more reflexions at the silver. 

The path of the ray and the approximate positions of the 
successive images are shewn in flg. 31. To obtain their true 
position a knowledge of the law of refraction is requisite. 



EXAMPLES. 

BEFLEXION (FLAKE IUBBOBS). 

1. Given the law of reflexion, prove that the image of an objeet in a 
plane mirror is on the perpendicnlar to the mirror and as far behind as 
the object \b in front. 

2. When a horizontal beam of light falls on a vertioal plane mirror 
which revolves about a vertical axis in its plane, shew that the reflected 
beam revolves at twice the rate of the mirror. 

3. A candle is placed in front of a thick mirror. On looking 
obliquely at the mirror several images are seen. Explain this and 
indicate in a figure the positions of the images. 

4. Two mirrors are inclined to each other at right angles. Shew 
that three images of an object placed in the angle between the mirrors 
are formed, and draw the pencil of rays by which the second image can 
be seen by an eye looking at one mirror. 

5. Two mirrors are placed parallel to one another at opposite ends of 
a room. Explain, with a diagram, the formation of the long series of 
images of an object between them seen on looking into either mirror. 

6. Apply the laws of the reflexion of light to explain the series of 
images formed when an object is placed between two plane mirrors 
inclined at an angle to each other. 

A ray of light is incident on the first mirror in a direction parallel to 
the second and after reflexion at the second retraces its own course: 
find the angle between the mirrors. 

7. Find the angle between two mirrors in order that a ray incident 
on the first parallel to the second may after reflexion at the two be 
parallel to the first. lUustrate your answer by a figure. 

8. Illustrate the laws of refiexion by the action of the kaleidoscope. 



CHAPTER IV. 



REFRACTION AT PLANE SURFACES. 



32. Simple Experiments on Refiraction. When 
a ray of light travelling in any medium falls obliquely on the 
surface of that medium part of the ray in general passes out 
into the medium beyond, but in so doing it is bent or refracted 
and the new direction of the ray differs from the old. 

If the second medium is denser than the first the refraction 
takes place in such a way that the ray in the second medium 
lies nearer to the normal to the bounding surface than in the 
first, while, conversely, if the second medium is the less dense 
the ray in it is further from the normal than in the first. 

The angle between the ray and the normal to the surface is 
less in the denser medium 
than in the less dense. 
This is illustrated in fig. 
32, where AB represents 
the bounding surface, MRN 
the normal, and PRQ a 
ray passing from the upper 
medium, such as air, to a 
denser medium below, such 
as water or glass. The 
angle PRM between the 
ray and the normal in air 
is greater than the angle 
QRN between the ray and 
the normal in the glass. 

G. L. 
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Experiment (9). To shew the refraction of light 



(a) Take a bowl or vessel with opaque sides. Place some 
small object such as a coin at the bottom and move back from 
the vessel until the coin is just hidden below the upper edge 
of the side. Pour some water into the vessel; the coin is 




Fig. 33. 



now visible. A pencil of rays from any point such as P, ^g. 
33, on the coin could not, before the water was poured in, reach 
the eye ; when the vessel is filled the rays are bent down and 
enter the eye, appearing to diverge from a point such as P' 
nearer the surface than F, The whole coin is apparently 
raised and becomes visible. 

(b) Arrange the lantern so as to produce a horizontal 
beam of parallel rays. Fill a rectangular glass tank with 
water and mix with the water a few drops of eosine or some 
other fluorescent substance. Reflect the rays from the lantern 
■ by means of a mirror downwards on to the surface. The path 
of the beam before entering the water will probably be easily 
visible through the motes in the air; if not it can be made 
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visible by blowing some smoke above the surface of the water. 
The fluorescence of the eosine marks its path in the water and 
the refraction on entrance is clearly seen. 

By arranging a graduated circle on one face of the tank 
in such a way that the beam is incident on the water along a 
line which passes through the centre of the circle, while the 
face of the tank carrying the circle is parallel to the direction 
of the rays, the angles of incidence and refraction can be 
measured. 




Fig. 34. 

(c) Place a stick or pencil obliquely in a vessel of water 
and look at it sideways. The stick appears bent where it 
enters the water. The rays diverging from any point on the 
fitick are refracted downwards where they meet the water and 
enter the eye appearing to diverge from a point nearer the 
surface. The part of the stick in the water is apparently 
raised, as shewn in fig. 34. 

(d) In fig. 35, ABC is a semicircular trough of ground 
glass with vertical sides. The diametral side AB is opaque, 
but at the centre there is a narrow vertical slit S. The semi- 
circular side is graduated in degrees, starting from a zero 
division at C exactly opposite to the slit, and reading either 
way to 90 at A and B, Arrange the lantern to produce a 
narrow horizontal beam of light and allow this to fall obliquely 
on the slit. The light falls on the ground glass and a narrow 
vertical patch is produced as at F, 

The angle which the ray makes with the normal to the 

4—2 
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glass surface at S is given by reading the position of this 
patch F on the scale. 

Pour some water or other liquid into the tank filling it 
about half full. 

Two patches of light are now seen on the ground glass. The 
one Q, fig. 35, is formed by light which has traversed the liquid 
so that the arc CQ gives the angle of refraction, the other P 
is produced by rays which pass through the air above the liquid, 
so that CF measures the angle of incidence on the liquid \ 




By varying the inclination of the tank to the beam of 
light we vary the angle of incidence and can thus obtain a 
series of values of the angle of incidence which we will denote 
by ^ and the angle of refraction which we will call ^'. Such 
a series is given in the Table on page 53. 

Such a series of observations will enable us to verify by 
means of some Trigonometrical Tables the law connecting ^ 
and ^'. This law' was first stated by Snell, who shewed that 

^ It will be seen below §§ 45, 47 that provided the faces of the glass of 
the tank at S are parallel, the f^t that tiie light has traversed this plate 
of glass does not modify the direction in which it travels in the liquid. 

3 The student who is not acquainted with Trigonometry will find the 
law stated in a geometrical form in Section 35. A knowledge, even 
though very slight, of a few Trigonometrical terms will be found 
osefnl. This may be obtained from the Introductory Chapters of any 
Elementary Trigonometry such as Hobson and Jessop's Treatise, Pitt 
Press Math, Series, 
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for two given media the value of the ratio sin^/sin^', i.e. 
the ratio of the sine of the angle of incidence to the sine 
of the angle of refraction was constant for all angles of 
incidence. 

In Table I. are tabulated in the first two columns the 
values of ^ and if>\ then the values of sin ^ and sin ^', and in 
the fifth column the ratio sin <^/sin <^' which is seen to be 
within the limits of the experiment the same for all the angles 
observed. 

Table I. 






^' 


sin 


sin 4> 


Bin 
Bin0' 


o 


o 








30 


22 


•600 


•376 


1^33 


45 


32-30 


-707 


•537 


1-32 


60 


40-30 


•866 


•649 


133 


76 


46 


•966 


•719 


134 



Thus the experiments illustrate the refraction of light and 
have enabled us to deduce the law connecting the positions of 
the incident and refracted rays. 

33. Laws of Refiraction. Refiractive Index. 

The laws of refraction may be stated in a form resembling 
that adopted for the laws of reflexion. 

(1) The incident ray, the normal to the surface oA the poi/nt 
of incidence, and the refra>cted ray lie in one pla/ne, 

(2) The sine of the angle between the incident ray amd the 
normal at tlie point of incidence hea/rs to the sine of the angle 
between tlie refracted ray and the normal a ratio which depends 
only on the two media and on the nature of the lightK 

Let us denote by ^ the angle of incidence, Le. the angle 
between the incident ray and the normal, and by <f/ the angle 
of refraction, i.a the angle between the refracted ray and the 

^ The exact importance of theBe last words will appear later; see 
Section 107. 
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normal ; then the law states that sin ^/sin ^' is constant. Let 
us put this constant equal to /x, so that 

sin6 

Sin ^ 

Then /x is called the refractive index of the medium. To 
find the refractive index, then, we require to know the ratio 
of the sine of the angle of incidence to the sine of the angle of 
refraction. 

If the medium from which the light is incident be air, 
then for all transparent bodies except some few gases /a is a 
quantity greater than unity. 

Values op the Refractive Index. 

Diamond 2-4:2 Fluor spar 1-4:3 

Ruby 1-71 Carbon disulphide 1-63 

Rocksalt 1-64 Turpentine 1-46 

Crown Glass 1-50 Water 1-33 

We shall see later (§ 107) that the values of the refractive 
index depend on the colour of the light. The above values 
are for yellow light. 

According to the undulatory theory of light, the refractive 

index of a medium is inversely proportional to the velocity 

of light in that medium. Experiment shews this result to be 

true. Thus 

T> - ... J - • i. 1 velocity of light in air 

Refractive index from air to glass = — = — ., ^ .. ?^ . = — . 

° velocity of light m glass 

If we consider light travelling from glass to air, ^' being 
the angle of incidence in the glass, ^ the angle of refraction 

in the air ; then sin ^ = /a sin ^' or sin ^' = — sin ^, and we 

A* 

may look upon - as the refractive index from glass to air. 

A* 

It may be noted that if we suppose that for reflexion the refractive 
index is - 1, the law of reflexion is indnded in that of refraction ; for we 
have 

sin 0=/bi sink's -sin^' if /as -1, 
.-. ^'=180-0, 
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thai is, the refracted ray is tamed back into the first medium and the 
aoote angle it makes with the normal in that medium is equal to the angle 
of incidence. 

34. GKeometrical RepreBentation of the Law of 
Refi*actlon. We can find the direction of the refracted ray 
geometrically in various ways. Thus 

(1) Let FB, fig. 36, be an incident ray incident at R on 
a refracting surface AEB, 
and let MRN be the normal 
ati?. 

Let ft be the refractive 
index. With R as centre 
and any radius describe a 
circle APBQ. 

Let the incident ray 
PR cut the circle in P. 
Draw PK perpendicular to 
the surface. Express /a the 
refractive index as a fraction, 
ajh suppose. Divide RK 
into a parts, a being the 
numerator of the value of fu 
In RB take RL equal to h 
of the same parts, h being the denominator of the value of /x. 
Draw LQ in the second medium normal to the surface to meet 
the circle in Q, Join RQ ; then RQ is the refracted ray. 

The figure has been drawn to represent the case of light 
going from air to glass, for which /i= 1-5 = 3/2, so that a = 3 
and 6 = 2. 

Thus RK is divided into three parts and RL contains two 
of these. The general construction just given may be de- 
scribed more briefly by saying that Z is a point in RB such 
th&t RL = RK/fi. 

To verify this construction we may have recourse to a 
direct experiment, such as that described in Experiment 10, 
Section 36. We shall there see that if PR and RQ be an 
incident and refracted ray, P and Q being the points in 
which they cut respectively a circle with R as centre, and if 




Fig. 86. 
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PM and QN be drawn perpendicular to the normal at Ry then 
the ratio of FM to QN is constant for all directions of the 
incident ray. 

Hence the ratio of the two perpendiculars PM^ QN drawn 
to the normal from two points P, Q equidistant from R on 
the incident and refracted rays respectively, is a constant 
if the law of refraction is true; our experiment shews that 
this ratio is constant. 

Now PM=RK, QN= RL. Hence 

RK PM 

^ = -p.=;. = a constant. 

Thus if the law be true RL^RKJii which is what we 
assumed. 

We may however also deduce the constraotion as a direct oonseqaence 
of the law given in § 33. For from the above figure 

sin QRN _ sin LQB. _ LR RP _LR _l 
Bin0 "BinRPK" RQ' RK'RK^'fi* 
for RP=^RQ, 

.-. BinQRN=^^. 
A* 
But if 0' is the angle of refraction, then 

. . sin 
8m^'= — ^, 

the angle of refraction, that is 12 Q is the refracted ray. Clearly also a 
ray in the glass travellhig along QR will emerge along RP. 

(2) The following is a second construction. 

Let PRy fig. 37, be an incident ray. Draw PL normal to 
the surface ARB, Produce RP to F, so that RF = iiRP, 
With R as centre and RP' as radius describe a circle cutting LP 
produced in Q, Join ^R producing it to Q, then RQ is the 
refracted ray. To prove this make RQ = i?P, and draw PM^ 
QN perpendicular to MRN the normal at R] let Q'M' also 
perpendicular to the normal meet it in M\ Then RP = RQ, 
Q'M'^PM, and the triangles QRN and Q'RM' are similar. 
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Therefore 

HP" BQ 
PM RF 






PM 
BF' 



.'. ■^^=-pp^=/i by construction. 

Hence the perpendiculars on 
the normal at B from P and Qy 
two points equidistant from B^ 
bear to each other a constant 
ratio, and this is one form of 
the law of refraction. 

The trigonometrioal proof is as 
follows : 
sin QRN _ sin Q'RM 



sm0 



sin P12Af 



fonRPL 
_RL 
"JRQ'' 



RP 




/. 8inQI22^= 
or QRNsstf/, the angle of refraction. 

* (3) The following construction is sometimes useful 
B the point of incidence 
as centre and radii BA, BB 
such that BB — fjiBAf de- 
scribe two circles, fig. 38. 
Draw the incident ray PB 
cutting the circle with radius 
BA in P, Through P draw 
LPQ' normal to the surface 
to meet the second circle in 
Q\ Join Q'B and produce 
it to Q, then BQ is the re- 
fracted ray. This construc- 
tion it is clear is practically 
the same as that given in 
(2) above. 



With 




Pig. 38. 



(4) The following is a mechanical arrangement devised by 
Sir George Airy to illustrate the law. In fig. 39, BB^H is 
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a straight rod representing the normal to the refracting 

surface. A rectangular bar of thin 

brass is convenient. To this a sliding 

piece R is attached which can move up 

and down the rod. At i? a rod PRQf is 

pivoted and R Q' are joined by a third 

rod pivoted at R and Q\ The lengths 

RQ\ RQ are such that RQjRQ^^ii 

the refractive index. RQy RQ are two 

other rods pivoted at R^ Q and R, such 

th&t RQ = RQ'yRQ = RQ\ 

The various rods may be thin strips 
of brass or tin, and the pivots consist 
of loosely fitting rivets fastening them 
together. 

If i^ be put in any position and 
PR be an incident ray, RIf being the 
normal, then RQ is the refracted ray, 

for the triangles RQR, RQR are equal, thus QRN^ QfRR 
and Q'RR = if> the angle of incidence, 

. sin QRR __ sin (yRR _QR \ 

Q'R'h-' 




aiaQRR 



sm <!> sin Q'RR 
sin^ 



or RQ is the refracted ray. 



35. Ezperiments on the Law of Refiraction. 

Experiment (10). To verify the law of refraction. 

Fix a sheet of paper to a drawing-board as in Experiment (5). 
Take a rectangular slab of glass, such as is sometimes used 
for a letter-weight, its dimensions may conveniently be 
10 X 7*5 X 2-5 c. cm., though these are not important if the slab 
is large enough. Place it flat on the board and rule or scratch 
a vertical line on one of the vertical faces. This and the 
opposite face should be polished. Mark on the paper with a 
pencil the positions of the foot of this line and of the front 
surface of the glass. Look at the line obliquely through the 
front surface of the glass and mark with a vertical pin the 
point on the front suilace of the glass through which you are 
looking. Stick another pin vertically in the board so that it, 
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the first pin and the line on the back surface as seen through 
the glass may appear to be in the same straight line. Then a ray 
in the glass which passes from the foot of the vertical line to 
the foot of the first pin will after refraction into the air pass 
through the foot of the second pin. Remove the glass. 

Let ABCD^ ^g. 40, represent the trace of the glass on the 
paper, Q the foot of the 
vertical line, R the foot of 
the first pin and P that of 
the second. Then QB is a 
ray in the glass which after 
refraction into the air 
travels along RP and con- 
versely PR on refraction 
becomes RQ, Draw NRM 
the normal to the surface 
at R, Notice that the 
refracted ray is bent from 
the normal in passing from 
glass to air. 

With R as centre and 
RQ as radius^ describe a 




Fig. 40. 



circle cutting RP in P. Draw PM perpendicular to the 
normal MN, 

Measure PM and QN and take their ratio. This, if the 
law of refraction holds, measures the refractive index and 
should be the same for all angles of incidence, Le. for all 
positions of R on the front face. To verify this repeat the 
experiment, placing the pin against a different point of the 
front face. It will be found that the ratio of the perpen- 
diculars corresponding to PM^ QN respectively is always 
constant. This ratio measures the refractive index for glass, 
it will be about 1-5. Hence we may enunciate the law of 
refraction thus. 

Law op Refraction. Let P,Q be two points, on an incident 

^ If the block is not of some thickness so that RQ may be considerable 
such as 10 cm., it is better to produce it backwards and describe a circle 
of larger radius, the construction can then proceed in a similar way. 
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and rejracted ray respectively, equidistant from R the point of 
incidence, PM, QN perpendictUars on the normal at R. Then the 
ratio PMjQNia invariable/or cUl directions of the incident ray\ 

36. Deviation caused by reftucUon. Whenever a 
ray of light falls obliquely on a refracting surface and is bent 
out of its course it is said to be deviated. The deviation is 
measured by the angle between the directions of the ray 
before and after refraction. Thus, let PR, fig. 41, be a ray 
incident at R and refracted along 
RQ, Produce PR to P'. The 
ray was travelling before refrac- 
tion in the direction RP* ; after 
refraction it is moving in the 
direction RQ. Thus it has been 
deviated from RP" to RQ, the 
deviation is P'RQ, Draw the 
normal MRN. Then if ^, ^' are 
the angles of incidence and re- 
fraction 

FRN=PRM^4>, 
QRN=fl>\ 
Deviation = FRQ - FRN - QRN 

37. Total reflexion. We have been dealing mainly, 
up to the present, with the refraction of light from a medium 
such as air into one which is optically denser such as glass or 
water. The geometrical constructions and the results will 
apply in general to the case of light travelling from glass or 
water to air. Under certain circumstances however, there is 
in this case a peculiarity to be noted. Consider first a ray of 
light entering glass from air; as the angle of incidence is 
increased, the angle of refraction also becomes greater. Now 
let PR, ^g, 42, bo a ray in air which almost grazes the surface 
ARE of the glass and let RQ be the corresponding refracted 
ray. Let MRN be the normal at R, A ray travelling in the 

^ Various other experiments illustrating the law of refraction can be 
performed in a similar manner. For an account of some of these see 
Glazebrook and Shaw, Practical Physics, Section 0. 
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Fig. 42. 



glass along QR will be refracted out into the air along BF. 

And any ray in the glass 

such as QiE falling between 1^ 

QB and NR will also emerge 

as RFi between RF and 

RM, 

But consider now a ray 
such as QJS between QR and 
the surface of the glass. 
Since the angle which this 
1^7 Q^B in the glass makes 
with the normal is greater 
than that made by QR, the 
angle which the emergent 
ray corresponding to Q^ 
should make with the normal must be greater than that made 
by RF, the emergent ray corresponding to QB. Now this ray 
BF just grazes the glass and is at right angles to the normal 
NB, It is impossible therefore to have a ray making with 
the normal an angle greater than that made by BF; it is 
impossible, that is, to find a refracted ray corresponding to 
Q^B. Some of the light falling on the glass along such a ray 
as QB or Q^B is reflected at the surface of the glass, some of 
it is refracted out ; all the light travelling along a ray such as 
Q^B is reflected, none is refracted. 

This phenomenon, which only occurs when light is travelling 
from a denser to a rarer medium, is known as Total Reflexion. 

Definition of the Critical Angle. I/a ray is travel- 
ling in any medium in srich a direction that the emergent 
ray jvst grazes the surface of the meditmi, the angle which it 
makes with the normal is called the critical angle. 

If a ray makes with the normal an angle less than the 
critical angle it can emerge from the denser medium ; if it 
makes with the normal an angle greater than the critical 
angle it can not emerge; all the light travelling in the 
direction of the ray is totally reflected. 

38. Experiments on Total Reflexion, (a) Fill 
the rectangular tank used in Experiment 9 with water contain- 
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ing a little eosine. Arrange the lantern to throw a horizontal 
beam of light on to a mirror from which it can be reflected 
upwards as in fig. 43, so as to fall obliquely on one of the vertical 
faces of the tank. When the angle of incidence on this face 
is considerable, the angle between the refracted ray and the 
normal to the horizontal surface of the water is not greater 
than the critical angle, the light can emerge and casts a bright 
patch on a screen placed to receive it. Tilt the mirror so as 
to decrease the angle of incidence on the first face. 




.j^jf^yjy "^SSb^ 



'yyy 




Fig. 43. 

The angle which the refracted ray makes with the normal 
to the horizontal surface is increased and can be made 
greater than the critical angle. The light ceases to emerge at 
the top of the water and is all totally reflected and its path can 
be seen in the water. 

(b) Look at a small gas flame or other object at some 
distance through a tank or vessel with flat parallel sides 
containing water. Make a second small flat glass vessel with 
parallel faces \ Immerse this in the water with its glass 
faces vertical and parallel to those of the tank, arranging it 
so that it can be turned about a vertical axis. The light can 
be seen through the glass vessel Turn it round its axis so that 
the angle at which the light falls on the air enclosed in the 
vessel is increased. On reaching a certain inclination the trans- 
mitted light disappears and the gas flame ceases to be visible. 
The angle of incidence on the air film has just reached the 

1 This may be done by cutting four pieces of wood about 7'6 x 1 x 1 cm., 
arranging them to form a rectangle, and cementing with red lead a piece 
of glass on both faces. 
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critical angle ; turn the vessel back again, the light reappears 
and vanishes again as the rotation is continued and the 
critical angle on the other side of the normal is reached. If a 
graduated circle be attached to the apparatus so that the 
position of the glass vessel can be noted, the angle through 
which the vessel must be turned from the first position at 
which the light vanishes to the second can be measured. 
Half this angle will be the critical angle for light travelling 
from water ^ into air. 

(c) Place a test-tube in a vessel of water with the closed 
end downwards ; hold it obliquely and allow the light to fall 
on it in a horizontal direction. On looking downwards on to 
it the surface of the tube is as bright as a mirror ; the light 
cannot pass from the glass into the air in the tube but is 
totally reflected up. Pour water into the tube, the reflexion 
ceases, the part filled with water looks dark by the side of the 
bright belt between the water in the tube and that in the 



39. ConditionB for total Reflexion. Refer again 
to the construction by which in Section 34 (1) the path of the 




1 It is true that the light has not travelled directly from water to air 
bat has traversed the glass. If the faces of this are parallel however, the 
refraction through the glass plate makes no difference in the result. See 
Section 47. 
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refracted ray corresponding to a given incident ray is found, 
and let us apply it to the case of a ray going from a more 
dense to a less dense medium. We should, as in fig. 44, take 
QR as the incident ray and draw QL perpendicular to the 
surface, then make BK^/jlEL and draw KP to meet the 
circle through ^ in -P. MP would then give us the refracted 
ray. 

Now in fig. 36 the point P can be found, but since /x is 
greater than unity BK is greater than BL, Thus BK may 
be equal to or greater than BA, If BK is just equal to BA 
the point P will just coincide with A and the emergent ray 
will, as in fig. 44, just graze the surface. In this case the 
angle of incidence at B from the glass is the critical angle, 
and we have 

BQ = BA=BK^^L=fiQ]!^ 

and if $ is the critical angle, then 

Thus the critical angle is the angle whose sine is 1//a; 
hence if the refractive index is known the critical angle can 
be found; and conversely if the critical angle be observed the 
refractive index can be calculated. 

Suppose now it happens that L is so near to B that BK or 
fiBL is greater than BA, then K will be to the right of il as 
at K^, ^g, 44, and a perpendicular to the surface at Ki will 
not meet the circle. No point such as P can be found ; there 
will be no refracted ray. For instance, in the case of glass let 
(fig. 44) -RZ = I BA, Then since for glass 

/A = 3/2 BK= fiBL = BA, and sin ? - - = 2/3 = -666. 

Whence ? = 41". 45'. 

Thus the critical angle for glass is 41°. 45', so that if 
light be incident on glass at a greater angle than this it is 
totally reflected, none is refracted. 

The relation between the critical angle and the refractive index is 
given directly thus. We have sin 0=/ia sin 4>\ thus tp' is greatest when ^ 
is greatest. 
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Now the greatest possible valTie_of sin ^ is when 0=90°, and then 
sin 0=1. Thus the critical angle which is the greatest value of 0' is 
given by 

^sin^ssl 

or sin $= - , 

/I 

Table of Critical Angles. 

Diamond 24".25 Fluorspar 4r.20 

Ruby 35*.50 Carbon disulphide 37^50 

Rock salt 40'.30 Turpentine 43M5 

Crown glass 4r.45 Water 48'.45. 

The brilliance of a diamond or ruby is partly explained by 
these figures. In consequence of the small value of the 
critical angle, there is inside a diamond a great amount of 
total reflexion, and as a result the directions in which light 
incident on any given face can emerge are few, and a large 
quantity of light is condensed into any one of these directions. 

40. Consequences of total reflexion, (a) To an 

eye placed under water, all external objects appear con- 
centrated into a certain conical space, the vertical angle of the 
cone being twice the critical angle. For let E, fig. 44, be the 
eye, F an object which is visible just above the surface, a ray 
from F which can reach the eye grazes the surface of the 
water and is refracted as at ^ along BK 




Fig. 46. 



G. L. 
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Now the angle which RE makes with the vertical at ^ is 
the same as the angle of refraction at R, and since PR is 
grazing the surface this angle is the critical angle. The object 
P will appear raised, being visible as at Q in the direction ER, 
Any object above P will be raised above Q, and the apparent 
directions in which all external objects can be seen will be 
included between ER and a line ER^, equally inclined to the 
vertical at Ey but on the other side of it, the same will occur 
in any other vertical plane through E and all the lines such 
as ER will form a cone whose vertical angle RER^ is twice 
the critical angle; the only light which can reach the eye 
from points outside this cone is light which has entered the 
water, been reflected from objects below the surface and again 
reflected to the eye from the under side of the surface. Since 
for water the critical angle is 48°. 45' we see that to an eye 
under water all external objects will be crowded into a 
conical space having this for its semi-vertical angle. 

(b) The critical angle for crown glass is, we have seen, 
41°. 45'. If light travelling in glass fall on the surface at a 
larger angle than this it is totally reflected. This is made use 
of in a total reflexion prism. For let 
ABC, ^g. 46, be a section of a prism of 
glass, the angles at A and £ being each 
45°. Consider a ray falling normally on 
the face AG, it enters the glass and is 
incident on AB at an angle of 45°, which 
is greater than the critical angle. All 
the light therefore is totally reflected and 
emerges in a direction perpendicular to 
the face BG. In this case the reflected 
ray is at right angles to the incident, but 
total reflexion prisms can be made having equal angles at A 
and B, differing from 45°. All that is necessary is that they 
should be greater than 41°. 45'. 

The advantage of such a surface over a plane mirror lies 
in the fact that a miri-or usually has two surfaces, the silvering 
being on the back. Some light is reflected from both these 
surfaces and in many cases confusion is caused by the two 
images thus formed. To obviate this, good mirrors are 




Fig. 46. 
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necessarily silvered in front but then the surface tarnishes 
easily. By means of a total reflexion prism complete reflexion 
of the light is secured without any trouble from either of 
these causes. 

(c) The luminous cascade affords an example of total 
reflexion. 

A glass vessel such as a two-necked receiver is fitted with 
a tube or nozzle which should be at least a centimetre in 
diameter. The vessel is placed with this in a horizontal 
direction, and by means of a supply tube from a tap it is kept 
filled with water. The water escapes in a curved jet from the 
nozzle. The lantern is arranged so as to project a narrow 
beam along the axis of the nozzle tube. The light falls every- 
where on the surface of the water at an angle greater than 
the critical angle, none of it therefore is regularly refracted 
out of the jet but the whole is reflected down the jet which 
appears brilliantly luminous. 

41. Refiraction through a plate of a transparent 
medium. By a plate of a medium is meant a portion of the 
medium bounded by two parallel planes. Light falling on 
such a plate is refracted on entering and again on emerging. 
By the first refraction it is deviated or bent from its course; by 
the second refraction it is again deviated, but this second 
deviation is equal in 
amount to the first and 
is in the opposite direc- 
tion to it. The conse- 
quence is that the ray 
emerges from the plate in 
a direction parallel to that 
of the incident ray. There 
is on the whole no de- 
viation; the ray is dis- 
placed laterally but not 
bent out of its course. 
This is shewn in ^g, 47. 
ABGD is the plate. A 
ray PR incident at R is 
refracted along RQ and Fig, 47. 

5—2 
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meets the second surface at Qj and being again refracted there, 
it emerges along QS. Then QS will be parallel to PR. For, 
draw the normals MRN^ KQL^ the angle of incidence RQL 
at Q is equal to the angle of refraction QRM at R, Hence 
the angle of emergence SQK must be equal to the original 
angle of incidence FRN, Now RN and QK are parallel, 
hence PR and QS are parallel. 

42. Refkuction through a prism. If a portion of a 
medium have two plane faces which are inclined to each other 
at an angle, it is called a prism, A planef at right angles to these 
faces is the principal plane of the prism. 

A book standing upright on the table on its edge and closed 
is a plate; if it be open so that the two covers are vertical, but 
inclined to each other, it is a prism. The table which is 
at right angles to the covers is a principal plane. When 
dealing with the passage of light through a prism we shall 
suppose the rays to lie in a principal plane. 

The angle between the two plane faces is spoken of as the 
angle of the prism. 

Let BAC^ fig. 48, be a prism. A ray of light PQ falling 
on it at Q is refracted 
along QR and emerges 
after refraction at i?. We 
can find the path of the 
ray by determining, as in 
Section 35, the path of 
the refracted ray QR, re- 
fracted at Q and then 
the path of RS refracted 
out at R. In this case Fig. 48. 

PQ produced and RS are 

not parallel but inclined, the ray is deviated by traversing the 
prism and we notice that in the figure the ray is turned from 
the edge to the base or thicker part of the prism. 

We can shew by calculation or by carefully drawn figures 
as well as by direct experiment that whenever light is 
refracted through a prism denser than the surrounding 
medium the deviation is from the edge towards the thick end. 
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43. ObservationB on refiracUon through plates 
or prUnns. (a) Open the window; place an upright stick 
near it and a second some distance within the room in such a 
position that the two sticks and some well-defined mark out- 
side are in one straight Une, Le. so that an observer looking 
from behind the second stick sees the first stick just in front 
of the mark. Close the window and observe again ; unless the 
glass is bad, the two sticks and the mark are still in a line ; 
the light now passes through the window glass which is a 
plate, but it emerges from it in the same direction as it 
entered it. 

(b) Arrange a narrow vertical slit in the slide holder of 
the lantern and form an image of this on the screen. Place a 
plate obliquely in the path of the light, arranging it so that some 
of the rays can pass over the top of the plate. The image of 
the slit wUI appear broken, the light which passes through the 
plate being displaced laterally. Move the screen further away, 
the distance between the images does not change; the rays 
which traverse the glass travel after emergence parallel to 
those which pass over it. 

Replace the plate by a prism, selecting one of a small 
angle, i.e. one in which the two faces are nearly parallel — 
the reason for this will appear in Section 107. Two images 
are again seen but they are considerably separated — ^the 
one formed by light passing through the prism will also be 
slightly coloured. Moreover as the screen is moved further 
away the separation between the two images increases ; the 
light forming the two is not travelling parallel to the incident 
light which passes over the top. Turn the prism round a 
vertical axis, the refracted image moves on the screen, approach- 
ing the image formed by the direct light but never coinciding 
with it ; then as the rotation continues, moving away again in 
the opposite direction. When the two are as close together 
as possible the deviation is the least possible, the prism is said 
to be in a position of minimum deviation. Notice that in all 
cases the light is turned towards the thick end and away from 
the edge of the prism. 

(c) Repeat the observations by looking directly at a 
source of light, which may be a small gas jet, or preferably a 
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slit cut in a sheet of tin or other metal and placed in front of 
a gas-burner. With a plate the slit will appear in the same 
direction as'before, but by arranging to look at the slit partly 
through the plate and partly above it, the slight lateral displace- 
ment will be observed. Replace the plate by a prism. On looking 
in the same direction as before, the slit is no longer visible. 
If the prism be close in front of the observer's eye with its edge 
on his left hand he must look to the left to see the slit, and 
conversely if the edge be to the right the observer must look 
to the right. For the first case the emergent light is bent 
towards the right, i.e. away from the edge ; it appears therefore 
to come to the observer from the left (fig. 49 a); in the second 
case the converse is true, the light is bent towards the left, 
appearing to come from the right {^g. 49 6). 





Fig. 49. 



In each case L is the true position, L' the apparent position 
of the light. 

44. Experiments on refiraction through plates 
and through prisms. 

ExPERiMEXT (11). To trace the path of a ra/y thr(mgh a 
pleUe amd to shew that there is no deviation. 

Lay the plate used in Experiment (10) flat on a sheet of 
paper fastened to the drawing-board and mark its outline 
ABCD (fig. 50) on the paper. 
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Put two pins P, F into the board in such a position that 
the line joining their feet may meet the glass obliquely as at 
R, Look at the pins through the opposite face CD of the 
plate and stick two other pins S^ S^ into the board so that the 
four pins may appear to be in the same straight line. Join 
SS' and produce it to meet the face of the glass in Q, Then 




Fig. 60. 

a ray incident along FE is refracted through the glass along 
RQ and emerges along QS. Remove the glass and join RQ. 
The path of a ray through the glass is thus traced. Produce 
SS' backwards. It will be found that SS' and FF are parallel. 
The ray emerges parallel to its direction before incidence; 
there is no deviation ; it is only displaced. 

Experiment (12). To trace the path of a ray through a 
prism and tojind the deviation. 

Repeat the last experi- 
ment, using a prism in place of 
the plate. The path of the ray 
will be as shewn in ^g, 51. 
Produce FR to T. Produce 
SQ cutting RT in 0, Then 
it will be found that however 
the ray is incident, provided Fig. 61. 
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that it can emerge from the glass and is not totally reflected 
at the face AC^ it is turned as in the figure from the edge A, 

The ray is deviated through the angle TOS. Measure this 
with a protractor^, let it be D, Measure also i the angle of 
the prism, and ^ and ^ the angles which the incident and 
emergent rays make with the normals at R and Q, Then it 
will be found that D + i = <l> + \jf. Moreover if the normals at 
E and Q be drawn, the angles ^', i/r' between the ray in the 
prism and these normals can be measured and it will be found 
that they satisfy the relation 

These formulae can also be obtained from the figure by geometry. 

* Experiment (13). To measv/re the refractive index of the 
prism. 

Turn the prism so as to alter the angle of incidence at R, 
It will be found in general that the direction of the emergent 
ray is altered ; the eye will have to be moved in order to see 
the pins in line. Suppose that the deviation is such that the 
eye, with the rays as in ^g, 51, would need to be moved to the 
right so that S in the new position comes nearer to T, The 
change has made the deviation less than before. Continue to 
turn the prism in the same direction. S continues at first to 
move towards T^ but after a time this motion ceases and S 
now recedes from T, Determine the position of the prism for 
which iS' is as close as possible to T and trace a ray through 
the prism in this position. The deviation now has its minimum 
value, D^ suppose, and it will be found by measurement that in 
this position ^ and i/r the angles of incidence and emergence 
are equal, so that we have 

Moreover ^' and \ji' are also equal. Thus 

^' = i». 

Now if /A be the refractive index 

_ sin ^ _ sin ^ (2>, -¥%) 

'^ sin^'~ sin^t 

^ Graduated circles printed on cardboard divided to degrees can now 
be had in various sizes. One of these cut in two along a diameter makes 
a useful protractor for measuring angles. 
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Thus we can calculate the refractive index by observing 
the angle of the prism and the minimum deviation even when 
we cannot trace the path of the ray graphically. 

"l^ExPEBiMENT (14). To meosu/re the angle of a prism 
optically. 

Place the prism on the paper and draw its trace. Stick a 
pin F (^g, 52) into the board at a distance of about 30 cm. 
from the edge of the prism in such a position that the line 
FA joining it to the vertex is approximately equally inclined 
to either face. Look at the face AB and obtain an imago of 




Fig. 62. 



the pin by reflexion in it, placing the eye so that the image 
coincides as nearly as possible with the edge A of the prism. 
Stick two pins Q, Q' into the board, so that these two pins and 
the image are in a line. Join QQ' cutting the face of the prism 
close to A, Join FA ; the ray FA is reflected along AQ, 
Proceed in the same way with the ray AR reflected from the 
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other face of the prism. Measure with the protractor the 
angle QAB, it will be found to be twice the angle of the prism. 
Kow it is often possible by various means to measure accurately 
the angle between two rays reflected respectively like AQ and 
AR from the two faces of a prism when the angle between the 
faces themselves cannot be measured. In such a case the 
angle between the faces can be found by halving that between 
the rays. 

The formulae which have been used in the last Seotions may be 
proved mathematically as follows. 

In fig. 58 let PA be an incident ray falling just at the edge of the face 
AC, Produce PA to S, then by the law of rdiezion 

CAS=CAQ, .-. QAS=2CAS. 

Similarly RAS=2BAS, .-. QAR=2BAC. 





Fig. 64. 



Fig. 58. 



Again in fig. 54 draw BM, QN normals at B and Q meeting at M, 



Then 



and 



Hence 



Also 



BMQ +BAQ= tYfO right angles 
BMQ + BMN= two right angles. 
BAQ=:BMN=MBQ+MQB, 

D=QOT=OBQ+OQB 
^OBM-QBM+OQM-BQM 

= 0+^-1. 
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45. To find the image of a point formed by 
direct reftuction at a plane surfkce. We have seen 
that in the case of reflexion from a plane surface rays which 
diverged from a point before incidence diverge also after 
reflexion from a second point the image of the first. We pro- 
ceed to enquire whether a similar result is true for refraction. 

Let P (^g. 55) be a point from which rays diverge and fall 
on a plane refracting surface. 
Let PA normal to the surface 
be one of these rays. This ray 
falls on the surface normally 
and is transmitted in the same 
straight line, PA produced will 
be the direction of the re- 
fracted ray. Take a ray PR 
incident obliquely at R, De- 
termine as in Section 35 the 
direction of the refracted ray. 
For this purpose produce RP to 
F making RP'==fiRP, where 
fjL is the refractive index, and 
with R as centre, RP' as radius, 
describe a circle, cutting AP 
produced in Q' ; then Q'R pro- 
duced is the refracted ray. 

Now if this construction be 
made carefully for a number 
of incident rays diverging from Fig. 66. 

P and falling at various angles 

on different points of the surface, it will be found that the 
refracted rays do not all pass through the same point but that 
they intersect the line APQ' in a series of points; there is 
strictly speaking no geometrical image of the point P. If 
however we confine ourselves to a small pencil of rays falling 
almost normally on the surface in the neighbourhood of the 
point Ay the foot of the normal from P, we shall find that the 
corresponding refracted rays all pass very nearly through one 
point Q on AP produced ; there is in this case a point which we 
may call the geometrical image of P, To find its position 
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we have always liQ'=fiEF, PR being any incident ray; 
now Q is the position of Q' when B is very close to A, and 
then JRF is very nearly equal to -4P and EQ to AQ so that we 
have approximately AQ = fjtAP, Thus a small pencil of rays 
from P, the axis of which is incident normally at A, diverge 
after refraction from Q, a point on AF produced, such that 
AQ = ^AF. In this case Q is called the geometrical image of F. 
Thus if t^ be the distance of a point from the surface, v the dis- 
tance of its image formed by direct refraction ; 

we have v = fiu. 

An eye situated in the second medium receiving the light 
from F would see Q ; the rays would enter it as though they 
diverged from Q, not from F, The image would in this case be 
further away than the object ; the object would appear more dis- 
tant than it is. On the other hand if the object F were in the 
more dense medium, the rays on emergence would be refracted 
away from the normal. The point Q will be above P, if /x 
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be the refractive index from air into the denser medium, 
we have 

AF = ,iAQ or AQ = ^AP. 

The two cases are shewn in figure 56(a) and (b). It is in 
consequence of this, that a pool of water looks less deep than 
it is really. 

The conclusions just stated are it must be remembered only 
true for a amall pencil of rays incident nearly normally. This 
can be seen readily by drawing a figure carefully on a large 
scala The pupil of the eye is small compared with the 
distance of a point which we can see distinctly, and the rays 
which enter it are all very close together. There are however 
many cases in which the rays do not fall normally on the 
refracting surface, but strike it obliquely as in ^g. 57. In 
this case the rays from any point of the object after refraction 
pass less nearly through a point than they do when the inci- 
dence is direct. It can be shewn that when we are dealing 
with a small pencil such as can enter the eye, the rays pass 
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very nearly through a small circle called the circle of least 
confusion. The image of an object seen by oblique refraction 
is thus made up of a series of small circles of least confusion 
corresponding to the various points of the object and is less 
perfect than when the incidence is direct. 

Moreover as the eye moves, the pencil of rays by which 
any point is seen changes, and the position of the image is 
correspondingly altered. Thus the apparent positions of a point 
P under water seen by an eye in the positions E^^ E^ E^ re- 
spectively will be Pi, Pj, Pg. 

Experiment (15). To verify the position of the image 
formed hy refraction at a plane surface and to find the refractive 
index of a plate, 

(a) Let ABGD (fig. 58) be a vertical section of the glass 
block already used in Experiments 10, 11. Make a mark P at 
the back of the glass. This can be done by sticking a bit of 
gummed paper on to the glass or by means of a little sealing- 
wax. Stick a pin into the board, the head of the pin being 
at the same height above the board as the mark. Look at the 
front face of the glass directly, from behind the pin, with 
the eye placed at a slightly higher level than the top of the 
pin. The mark will be seen through the glass, and also the 
image of the pin reflected in the front face. Move the glass 
backward or forward until the apparent position of the mark 
and the reflected image coincide. 




Fig. 68. 

Test the coincidence by slightly shifting the eye about. 
Let P' be the top of the pin and let Q be the image of the pin 
and of the mark P. Then PQP' is a straight line normal to 
the front of the glass, let it cut it in A, Then since Q is a 
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reflected image of P*, AQ = AP', and since Q is an image of F 
formed by direct refraction, if the formula established at the 
beginning of this Section be true, AF=/aAQ. 

:. af=,jlAF\ 

and fi = AF/AF\ 

Measure the distances AFy AF\ their ratio will give the 
refractive index ; if this be known, the experiment aJOfords a 
verification of the formula ; if the formula be assumed, the 
experiment enables us to find the refractive index. 

*(6) The experiment can be arranged rather differently 
thus\ 

A magnifying-glass or microscope, which can be adjusted 
vertically and the height of which above the table can be 
measured, is needed. An object can be seen distinctly through 
such a glass only when it is at a defii^ite distance, depending 
on the lens, from the microscope ; see Section 101. 

Place a piece of paper with a cross on it on the table and 
focus the microscope on the cross. Place a plate of glass on 
the paper between the mark and the lens of the microscope ; 
the cross is no longer visible but on 
raising the microscope it comes into 
view. Measure the distance the micro- 
scope is raised, let it be a. Place a bit 
of paper on the upper surface of the 
glass. Baise the microscope again until 
this is seen and measure the distance 
the microscope is moved in this second 
operation^ let it be h. 

In fig. 59 let F be the cross, F^ the 
image of F in the upper surface, as 
seen through the glass and A the point 
in which FF^ cuts the surface, Zi, 
Zj, Zj the three positions of the lens. 
Then 

j&iZj = a, LJj^ = h. 

Since the points P, Pj, A are all 
seen in turn we know that the distances Fig. 69. 

^ See Glazebrook and Shaw, Practical Physics^ Section 21, p. 383. 



^^ La 
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of these points from the respective positions of the lens are 
equal 

Thus L^=L^P^ = L,P. 

Hence FF^ = a, P^A = h, AP=^a + b. 
But since P^ is the image of P we have 
AP=^liAP^ 



/x = 



AP 
AP, 



a + 5 - h 

: = 1 + -. 

a a 



Thus the refractive index is found by observing a and h, 

^46. To determine the geometrical image of a 
point seen by direct refkuction through a plate. 

Let P (fig. 60) be the point, ABSR the plate. Draw 
PAB normal to the plate. Let q be the 
geometrical image of P formed by 
refraction at the upper surface, then 

Aq-^^yiAP, 
The rays in the plate are diverging 
from q and fall on the second surface ; 
they then diverge from Q the geome- 
trical image oiqhxL this second surface 
and we have 

BQ = \Bq, 
r 
or Bq = fiBQ. 

Also if the thickness of the plate 
AB be a, then 

Bq^zAq-ha, Fig. 60. 

.-. fiBQ = fiAP -{- a, 

or BQ = AP-^-. 

AQ = BQ--a=^AP + ^^a. 
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Thus the virtual image Q seen through the plate is nearer 
to the plate than the object F, the distance between the object 
and image being a(/i—l)/fjL, 

This can be verified experimentally thus : Place a block of 
glass on the drawing-board and fix behind it a pin or needle 
rather taller than the glass. Place another pin in a clip in a 
vertical position and at such a height that its lower end is 
just above the level of the upper surface of the glass. View 
the first pin directly through the glass and adjust the second 
so that it may be exactly above the image of the first seen 
through the glass. The first pin is in the position P, the 
second in the position Q of figure 60. Measure the distance 
between the pins, let it be & and the thickness of the glass a. 
Then we have seen that 

1 - b 

or - = 1 — . 

fi a 

For glass fi is about 3/2 ; hence b/a is about 1/3 or the distance 
between the pins about a third of the thickness of the plate. 

Thus an object seen through a plate is apparently brought 
nearer by an amount which depends on the thickness and 
on the refractive index of the plate. 

* Experiment ( 1 6). To trace a ray through a series of plates 
in contact. 

Obtain two plates of different materials, such as ordinary 
crown glass and some very dense flint glass. Place one of 
them on the drawing-board and trace a ray through it as in 
Section 35. 

Let ABGJD, fig. 61, be the plate, FQES the path of the ray. 
Place the second plate as shewn in the figure at CDEF so 
that the emergent ray may traverse it and trace its path as 
before, let it be RTU, Trace a second ray FQ', parallel to 
PQ, through the second block only. Let its path be FQ'R'S', 
Then it will be found that the three emergent rays RS^ TU, 
ES' are all parallel, and that the two rays RT, Q'R\ in 

G. L. 6 
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the second plate one of which has entered it from the first 
medium the other from air, 
are also parallel. It follows 
from this that the path of a 
ray in any medium is the same 
in direction whether the ray 
has entered the medium (1) 
directly from air, or (2) after 
traversing a plate of some 
other medium. Thus in ex- 
periment (h) of Section 38 in 
which light traverses water, 
then a glass plate and then a 
layer of air, the direction in 
the air is the same as it would 
be if the glass plate were re- 
moved. The experiment there- 
fore gives the critical angle 
between water and air, the refraction through the glass does 
not affect the result. 

This result also enables us to caloulate the refractive index between 
two media, say water and glass, if we know the indices between some 
third medium, such as air and the other two respectively. For in fig. 60 
let 4> be the angle of incidence at Q or Q', ^ the angle of refraction at Q, 
^ is also the angle of incidence at R, Let 0b be the angle of refraction 
into the second medium at i2, then since Q^R and RT are parallel ^ is 
the angle of refraction at Q', 

Let jia be the refractive index Arom air to the first medium at Q, u 
the refractive index from air to the second medium as at Q', ^fi the refrac- 
tive index from the second to the third medium as at R. 

Then Arom the definition 




8in0 
sSa^ 



=./*/ 



«'*^» 



sm0_ 
sin ^"'*^>' 



sin 0i_ 
sin ^~^ 



Hence multiplying the first two together, 

sin sin ^ sin <f> 



Hence 
or, putting this in words. 



sin ^ sm 02 

afty 



sin 02 a'^Y ' 
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If A, B, C denote the three media, then the refraotive index from B 
to C is equal to the refractive index from ^ to C divided by the refraotive 
index from A to B, Thus the refractive indices of water and glass from 
air are respectively 4/8 and 3/2. Hence the refractive index from water 
to glass is equal to (3/2) -^ (4/8) or 9/8. 

The above result is obvious if we assume that the refractive index 
measures the reciprocal of the ratio of the velocities of light in the two 
media. 

jj, _ velocity of light in B 

^^ fi^y~ velocity of light in C 

_ velocity of light in A velocity of light in £ _ «'*> 
""velocity of light in C velocity of light inA^~fi' 



EXAMPLES. 

REFRACTION AT PLANE SURFACES. 

1. Explain the apparent raising of a picture stuck on the bottom of a 
cube of glass, so that it appears to an eye looking down as if it were in the 
glass. If the index of refraction is 1*6, how mudi does the picture appear 
raised to perpendicular vision ? 

2. Explain why a thick plate of glass produces an appreciable dis- 
placement in the apparent position of a near object viewed through the 
plate, but an unappreciable displacement for distant objects. 

3. Explain how to measure the refracting angle of a prism, and the 
refractive index of the material of the prism. 

4. What effect is produced by interposing a plate of glass between an 
object and the eye? 

5. State with reasons, whether the image formed by the plate will be 
(a) real or virtual, (6) erect or inverted, (c) magnified or diminished. 

6. A ray of light is incident perpendicularly upon one of the two 
faces of a right-angled isosceles glass prism which bound the right-angle. 
Draw a picture shewing the subsequent path of the ray, and give reasons 
for your figure. 

7. Explain under what circumstances a ray of light undergoes total 
reflexion at the boundary of two media. 

8. What is meant by total internal reflexion ? 

9. A piece of plate glass 10 cm. in thickness is placed between a 
source of light and the observer's eye ; flnd the change which takes place in 
the apparent position of the source when viewed directly through the 
plate. 

10. Describe some method of finding the refractive index of a liquid. 

11. Shew how the refractive index may be determined if the critical 
can be found. 

6—2 
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47. Reflexion at a rarfkce of any form. Up to 

the present in dealing with reflexion and refraction we have 
supposed the surfaces between the two media under considera- 
tion to be plane. 

Mirrors and lenses which are used in optical apparatus, 
however, have not plane surfaces and we must consider more 
general cases. We deal now with reflexion at a spherical 
surface. Many mirrors are spherical in shape, others are so 
nearly spherical that we may treat them as such without 
serious error. 

The laws of reflexion at any surface are stated above in 
Section 23. These are true whatever be the form of the 
surface. If the surface how- 
ever be not plane the direction 
of its normal is diflerent at 
each point, and the determina- 
tion of the position of the 
image formed by reflexion is 
more complicated than in the 
case of a plane surface. 

Spherical mirrors are either 
concave or convex. 

Let ABCD, fig. 62, be a 
sphere, its centre. Suppose 
that the inner side of the sur- 
face ABC is polished, the 
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portion ADC being removed and that light travelling from 
right to left falls on ABC. Then ABC is a concave mirror. 
If on the other hand the outer surface ADC is polished, 
the light still travelling from right to left, we have a convex 
mirror ; the concave mirror is concave or hollow towards the 
light, the convex mirror is convex towards the light. 

48. Experiments with mirrors, (a) Obtain a con- 
cave mirror and place a lighted gas-burner close to it. On 
looking into the mirror a magnified image of the flame is 
seen; draw the burner gradually away, the image grows 
larger, until at last it appears to fill the whole mirror, and if 
the distance be still further increased the image ceases to be 
visible. Place a screen at some distance away beyond the gas 
flame, but on the same side of the mirror ; a luminous patch 
of light is visible, and by adjusting the distance of the flame 
from the mirror a distinct inverted image of the flame can be 
formed on the screen. Move the flame somewhat further 
from the mirror, the picture on the screen becomes indistinct^ 
but by moving the screen nearer to the mirror a distinct 
image can be again formed. The image will be larger than 
the flame in this case. Interchange the position of the flame 
and the screen, placing the screen slightly to one side so that 
it does not intercept the rays from the flame to the mirror. 
By slightly turning the mirror an image of the flame can 
again be seen on the screen. This time the image is smaller 
than the object but it is still inverted. In both these last 
cases the images formed are real, they can be seen on a 
screen, the rays which form them actually pass through them. 
Move the flame which is now more distant from the mirror 
than the screen, nearer to the mirror; the screen must be 
moved away from the mirror, i. e. nearer to the flame in order 
that a clear image may still be formed on it. This can be 
continued until the flame and the mirror are at the same 
distance from the screen. If, when the flame is more distant 
from the mirror than the screen, it be moved away from the 
mirror, the image moves towards the mirror ; when the flame 
is at some distance away it may be moved considerably 
without causing much alteration in the position of the image, 
which moves very slowly towards the mirror and tends to 
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come to a position which it only reaches when the source of 
light is very distant indeed. This point at which the image 
of a very distant object is formed, is called the principal focus 
of the mirror. 

Thus observation shews that a concave mirror pro- 
duces a magnified virtual image of an object which is close 
to it; as the object is moved further from the mirror the 
image becomes real, magnified and inverted. As the distance 
between the mirror and the. object is increased, the image 
moves nearer to the mirror; in one position the image and 
object coincide, and as the object is moved further away the 
image continues to approach the mirror, is real and inverted, 
but is diminished in size. 

(6). Take a convex mirror and repeat the observations 
with it. For all positions of the flame it will be found that 
the image is erect, virtual, and less than the object. Observation 
shews that a convex mirror produces a virtual, erect, diminished 
image of any object. 

49. DefinitionB of terms used in connexion with 
spherical mirrors. 

Centre of curvature of the mirror. The centre of 
the sphere of which the mirror forma part is called the centre 
of curvature of the mirror or sometimes the centre o/t/ie mirror. 

This must be distinguished from the centre of the surface 
of the mirror which is the middle point of that portion of the 
surface of the sphere of which the mirror is formed. 



Fig. 63. 
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Aads of a mirror. The line joining the centre of the 
sphere to the middle point of the surface of the ndrror ie the 
axis of the mirror. 

The axis of the mirror is perpendicular to its surface. 
In fig. 63, the point is the centre of the sphere or the centre 
of curvature, A is the centre of the surface of the mirror 
BAG^ and OA is the axis of the mirror. 

In most of the problems with which we deal we shall 
suppose that the source of light Q is not far from the axis of 
the mirror, and that the aids of the pencil of rays from Q 
with which we are dealing falls on the mirror near A, In 
such a case the axis of the pencil is inclined at only a small 
angle to the axis of the mirror, the incidence is very nearly 
direct. If the incidence becomes oblique the question is more 
complicated, for the present we treat only of the case of a 
small pencil incident directly. 

Prinoipal Focus. If a small pencil of pa/rallel rays^ 
pan^aUel to the aocis of the mirror, is incident directly on a 
concave mirror^ these rays after reflexion are found to converge 
to a point on the axis of the mirror. This point is called the 
principal focus of the mirror. 

If the mirror be convex the rays after reflexion appear to 
diverge from a point on the axis behind the mirror, this point 
is the principal focus of the convex mirror. 

Focal length. Tlie distance from the mirror* of the 
point to which a pencil of rays, incident parallel to the aods of 
tihe mirror, converge after reflexion, or from which they appear 
to diverge, is called the focal length of the mirror. 

It will appear from Section 50 that the focal length of a 
mirror is equal to half the radius. 

Geometrical Image of a Point. A pencil of rays 
diverging from a point on the axis of a mirror and incident 
directly on Hie mirror, after reflexion either converges to or 
appears to diverge from a second point, on the axis. This 
second point is called the geometrical image of the first point, 

A point and its geometrical image are spoken of as conjvr 
gate foci, for if an object be placed in the position originally 
occupied by the image, an image will be formed in the original 



88 LIGHT. [CH. V 

position of the object, the two foci are therefore interchange- 
able. 

50. Principal Fociu. To ihew that each ray of 
a small pencil of parallel rays fkUing directly on 
a mirror parallel to its axis intenects the axis in a 
definite point ; and to find the position of that point'. 




Fig. 64. 



Let OAy fig. 64, be the axis of a concave mirror BAC, and let 
PM be a ray parallel to the axis falling on the mirror at B. 
Join OR, then since the mirror is spherical and is its centre, 
OB is a normal to its surface. Make the angle OEp equal to 
the angle OEF and let Bp cut the axis OA in q. Then by the 
law of reflexion Bp is the reflected ray which corresponds to 
the incident ray FB, 

Now the angle qBO = the angle FRO = the angle qOR, since 
FB is parallel to OA ; hence, in the triangle OqR, the angles 
qBO and qOB are equal, therefore qB = qO. 

But if ^ is very close to A, and the incidence in conse- 
quence direct, qB is very nearly equal to qA. Thus qA is 
very nearly equal to qO, and in this case q is midway 
between A and 0. Again FB is any ray of the incident 
pencil, provided only that it is sufficiently close to OA, 
Thus if the incident pencil be very small, all the reflected 
rays pass very approximately through a point in the axis 
midway between the mirror and its centre. This point 
is the principal focus of the mirror and its distance from 

^ In other words, to determine the position of the principal foons of a 
mirror. 
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the surface, ie. the focal length, is one half of the radius. 
We shall denote the point by F and the focal length by/ 

A similar proof will apply to the case of a convex mirror, 
the principal focus will however be, as shewn in 6g. 65, behind 
the mirror and at a distance from the mirror equal to half the 
radius. 

51. Convention as to ligns. If we compare figs. 64 
and 65, we see that in the first case q and are to the right 
of Ay while in the other they are to the left — the incident 
light is supposed as usual to travel from right to left. We 




Fig. 65. 



can express this distinction between the two cases if we agree 
to distinguish lines drawn from A in opposite directions by 
opposite signs. The usual convention is that lines drawn 
to the right from A are called positive, those drawn to the 
left negative ; if then f and r are the numerical values of 
the focal length and radius of the mirror, we have for the 
concave mirror, fig. 64, 

AO = r, 



AF^fr^ 



r 



and for the convex mirror, fig. 65, 
^0 = - r, 



90 LIGHT. [CH. V 

We shall find that formulae which are established for a 
concave mirror will hold for a convex mirror, and vice versa, 
if we make these changes in sign. 

52. Graphical Solutions. Many problems in re< 
flexion can be solved graphically. Thas draw on a large scale 
a section of a mirror of considerable radius such as 50 or 60 
cm. Suppose the breadth of the mirror to be 10 cm., 5 cm. 
on either side of the axis. Draw a series of rays parallel to 
the axis at distances of half a centimeter apart incident on the 
mirror, join the centre to the respective points of incidences, 
the lines so drawn will be normal to the mirror ; draw in each 
case the reflected ray, making the angle of reflexion equal to 
that of incidence ; it will be found that these reflected rays 
intersect the axis very approximately in the same point which 
is the principal focus of the mirror \ 

A similar construction will enable us to find the image of 
any point formed by reflexion, it would however be a cumber- 
some course to follow in all cases and may be much simplified 
by noting the following principles. 

(a) '/n order to determine the position of the image, if it is 
formsd, we need only trace ttvo reflected rays. The two rays will 
in general intersect, but the point of intersection of all the 
reflected rays is the image, hence the point thus found must 
therefore be the image required and all the other reflected 
rays must pass through it. 

(&) It is always possible to draw easily and vjithout the 
necessity of m^a^uring ci/ny angles the pa^ of two reflected 
rays, and hence to find the image required, A ray which 
falls on the mirror parallel to the axis will after reflexion pass 
through the principal focus ; while an incident ray which 
passes through the centre falls on the mirror normally and is 
reflected back along its own course. The point then in which 
these rays intersect will be the image of the source from which 
they start ; if the pencil be not too large all the reflected rays 

^ In making suoh graphical constmotions it is convenient to use 
squared paper on which two sets of fine lines at known distances such as 
a millimetre apart have been ruled at right angles, a figure can be drawn 
to scale on this paper more readily than on plane paper. 
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will pass through this image ; if the pencil be large there will 
be no point through which all the reflected rays pass, in this 
case a point source of light will not have a point image. 

53. To deterknine graphically the image of a 
point formed by reflexion in a concave mirror. There 
are various cases of this problem to consider, these are shewn 
in figs. 66-68, but the method of treatment is the same in all. 

Let A be the centre of the surface of the mirror, F the prin- 




Fig. 66. 



cipal focus, the centre of the sphere, OFA the axis. Let P be a 
luminous point not far off the axis, and let FQ be perpendicular 
to the axis ; we may treat FQ as a small object, the image of 
which, formed by reflexion, is required. Draw a ray PF parallel 
to the axis meeting the mirror in E, This ray is reflected 
through the principal focus. Join FF, then FF is the 
reflected ray. Draw a ray FO through the centre 0. This 
ray falls on the mirror normally, at T say, and is reflected 
directly back. Let p be the point of intersection of the two 
reflected rays FF and TO. Then p is the image of P, Draw 
pq perpendicular to the axis. Then the image of any point 
on FQ will be on ^ and pq is the image of the object FQ. 

Figures 66 to 68 give the cases which occur for different 
positions of the object. In fig. 66, the object PQ is some 
distance from the mirror, further away than 0, the centre of 
the sphere. The image pq is real, inverted and diminished. 
As FQ is moved to the left towards 0, pq moves to the right 
and the two coincide at 0. When FQ is still further to the 
left between and F, then pq is to the right as shewn in 
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fig. 67, and is real, inverted and magnified. When the object 
is at Fy the principal focus, the reflected rays proceeding from 




Fig. 67. 
any one point of the object are parallel after reflexion. When 
the object is placed between the mirror and its principal focus 
as in ^g. 68, the reflected rays produced backwards, meet 
behind the mirror. The image is virtual, erect and magnified. 




Fig. 68. 

54. To determine graphically the position of 
the image of a point formed by reflexion in a 
convex mirror. The construction is exactly the same as 




Fig. 69. 



53-55] REFLEXION AT SPHERICAL SURFACES. 93 

for the concave mirror, only the points F and are to the 
left of A behind the mirror. Thus in fig. 69, draw PR 
parallel to the axis. Join FR and produce it to aS', then 
RS is the reflected ray. Join OP meeting the mirror in T 
and FR in p. An incident ray PT is reflected along TP ; 
the two reflected rays produced backwards jneet at/? and^ 
is the image of PQ, It is virtual, erect, and smaller than the 
object. 

55. To obtain a formula connecting together 
the position of a point Q and its image q formed by 
direct reflexion in a concave mirror. Determine the 
position of the image pq hj b, graphical construction as in 




Fig. 70. 



Section 53. Draw RN, fig. 70, perpendicular to the axis. 
Then since we are dealing only with rays which are incident 
very close to -4, the point R is near to A and N is very close 
indeed to A, We may without sensible error measure the 
distances of Q and q either from A or from iT. 
Let us put AQ = u, Aq = v,AO = r, 

Thus ^^=^- 

Now the triangles POQ and poq are similar. Hence 
pq _0q^ 
PQ" OQ' 
Also the triangles RNF and pqF are similar. Thus 

pq^_Fq 
RN NF' 
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But RN= PQ, 

, Fq _ pq Oq 

^^"^ nf-Tq-qq- 

Now Fq = v-l,NF^'^^, 



Hence 



r 

/»* _. 






"" 2 


r— V 




r 


u — r^ 




2 


. 




.'. tVVz 


= |(M + t;), 


1 1 

- + - = 
V u 


2 





or 

V u r 

T 

If we write /for the focal length ^, this becomes 

1 1 1 

- + - = 7- 
V u f 

We could have deduced the same formula from either of 
the two other figures in Section 53 ; had we employed fig. 68 
it would have been necessary to remember the rule of signs, 
since ^ is to the left of A we know that Aq or v is negative, 
we must therefore put Aq = — v, 

56. To obtain the formula for a convex mirror. 

The same formula holds also for a convex mirror if we adhere 
to the proper signs. Thus let us denote by t^, Vi, r^ the 




Fig. 71. 
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numerical values of AQ, Aq and AO without reference to the 


sign. 




Then in fig. 71 


pq _0q 


Also, since 


RN=PQ, 




pq pq _Fq 
PQ" RN" FN' 


Therefore 


Fq Oq 
FJf'W 




^^■"'^r,-. 




2 


Whence 




Thus may be written 



— 1= A 

- i?l Wi " - 7-1 ' 

Now from this figure AQi& positive, while Aq and AD are 
negative. We therefore have 

U= AQ = + Uy 

v = '-Aq =-Vi 
r=^-AO = ~ri, 
Hence, on substituting, the formula becomes 

1 12 

V u r* 

This one formula therefore is applicable to all cases of 
direct reflexion at a spherical mirror. We have thus the 
result. 

If U and V be the distances from the surface of an object 
amd of its irruige, formed by direct reflexion, in a splierical 
mirror of radius r and focal length f, then 

v'^'u" r~f ' 
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57. Definition of the ma^^iiying power of a 
mirror. Let pq be the image of a small object PQ formed by 
reflexion at a spherical mirror amd suppose PQ is a^ right 
angles to the aocis of the mirror. Then the ratio of the length 
pq to the length PQ is called the magnifying of the mirror. 

We may put this more briefly by saying that the magnify- 
ing power is the ratio of the size of the image to the size of 
the object, but in this statement it must be remembered that 
size refers to linear dimensions, not to area. 

58. To determine the magnifying power of a 
mirror. Let PR be a ray incident parallel to the axis, RFp 




Fig. 72. 

the reflected ray, PO a ray incident through the centre of the 
sphere, and reflected along itself so as to meet RF in p, then, 
as we have seen, p is the image of P, Join AP and Ap. 
Since p is the image of P an incident ray PA is reflected 
along -4p. Therefore the angle PAQ is equal to the angle pAq 
and the triangles APQ^ Apq are similar. Hence if m be the 
magnifying power or linear magnification 
pq Aq __v 
"^^PQ^AQ^u' 
Hence the magnification is the ratio of the distance from 
the mirror of the image to the distance of the object. 

The figure will give us another expression for m, for the triangles POQ, 
pOq are similar, hence 

__P9 _ Oq _^ distance of image from centre 
~PQ "" OQ " distance of object from centre ' 

Again, we have - = . 
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Thus 5=7-1= ^ =y. 

writing / for r/2 and this gives us the magnifying power if we know the 
position of the image and the radius of the mirror. 

^ . 12 1 

Oragam ; = r"u' 

M _ 2m 2tt-r 

u"" r " " r ' 

XT V r f 

Henoe - = ^^ = —^, 

u 2m - r u-f 

And this gives the magnifying power if we know m, the distance of the 
object from the mirror, and r the radius of the mirror. 

From these two expressions for the magnifying power we deduce that 

Now t; -/ is the distance of the image from the principal focus while 
u -f is the distance of the object from tibe same point. Thus the formula 
expresses the fact that the product of the distances of the object and of 
the image from the principal focus is equal to the square of the focal 
length. 

In the above formulae for the magnifying power no notice has been 
taken of the fact that in the figure the image is inverted. PQ is above 
the axis while pg is below it ; we can allow for this by giving different 
signs to lines drawn above and below the axis. If PQ is to be treated as 
positive we ought to call pq negative and then 





-pg_^ V 

"* pg u 


The result 


can be obtained firom figure 72 a 






for we have 


n _ Oq ^r-v 
PQ OQ u-r 


Now 


1_1_1_1 
v~ r r m' 




r-v u-r 




vr " ru ' 




r-v V 




u-r'~u* 



G. L. 
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Thus m=-. 

u 



The formulae for direct reflexion from a spherical mirror can all be 
found somewhat more directly thus. 

Let Q (fig. 78) be a point on the axis, the centre of the sphere, QR 
an incident ray, Rq the reflected ray, then OR is normal at R and bisects 




Fig. 73. 

the angle QRq^ Therefore by Euclid vi. 3, the segments of the base of 
the triangle RqQ are proportional to the sides. 

TT OQ QR 

Hence 77^ = ^ • 

Oq qR 

But when the incidence is direct R is very close to A, QR is very 
nearly equal to QA and qR to qA. 

Hence in this case we have 

OQ^QA 

Oq qA ' 

„, u-r u 

Thus = - . 

r-v V 

™. 112 

Whence - + - = -. 

V u r 

Again, when the incident pencil consists of parallel rays, we must 
consider that Q is infinitely distant so that u is infinite and 1/u zero. 

We then get l/t;=2/r and hence v=rl2. Thus a pencil of parallel 
rays converges after reflexion to a point on the axis at a distance r/2 from 
the mirror. We have thus another proof of the fact that the principal 
focus is midway between the centre of the sphere and the centre of the 
mirror. 
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59. Methods of Oalculation. In working examples 
on mirrors and lenses, and in calculating the results of experi- 
ments we have often to deal with formulae such as those of the 
preceding sections, involving the reciprocals of known numbers. 
It is therefore convenient to have a table of reciprocals and to 
simplify the arithmetic by its use. Such a Table is here 
given. 

Table op Reciprocals of Numbers from 1 to 99. 



Number. 


Reciprocal. 


Number. 


Reciprocal 


Number. 


Reciprocal. 


1 


1 


34 


•0294 


67 


•0149 


2 


•5000 


35 


•0286 


68 


•0147 


3 


•3333 


36 


•0278 


69 


•0146 


4 


•2500 


37 


•0270 


70 


•0143 


6 


•2000 


38 


•0263 


71 


•0141 


6 


•1667 


39 


•0256 


72 


•0139 


7 


•1429 


40 


•0250 


73 


•0137 


8 


•1250 


41 


•0244 


74 


•0136 


9 


•1111 


42 


•0238 


75 


•0133 


10 


•1000 


43 


•0233 


76 


•0132 


11 


•0909 


44 


•0227 


77 


•0130 


12 


•0833 


45 


•0222 


78 


•0128 


13 


•0769 


46 


•0217 


79 


•0127 


14 


•0714 


47 


•0213 


80 


•0125 


15 


•0667 


.48 


•0208 


81 


•0123 


16 


•0625 


49 


•0204 


82 


•0122 


17 


•0588 


50 


•0200 


83 


•0120 


18 


•0556 


51 


•0196 


84 


•0119 


19 


•0526 


52 


•0192 


86 


•0118 


20 


•0500 


53 


•0189 


86 


•0116 


21 


•0476 


54 


•0185 


87 


•0115 


22 


•0455 


55 


•0182 


88 


•0114 


23 


•0435 


66 


•0179 


89 


•0112 


24 


•0417 


. 57 


•0176 


90 


•0111 


25 


•0400 


58 


•0172 


91 


•0110 


26 


•0385 


59 


•0169 


92 


•0109 


27 


•0370 


60 


•0167 


93 


•0108 


28 


•0357 


61 


•0164 


94 


•0106 


29 


•0345 


62 


•0161 


95 


•0105 


30 


•0333 


63 


•0159 


96 


•0104 


31 


•0323 


64 


•0156 


97 


•0103 


32 


•0313 


65 


•0154 


98 


•0102 


33 


•0303 


66 


•0152 


99 


•0101 
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BzAinpl*. An object it placed at a diitanee of 18 inchei from a 
concave mirror 1 foot in radius, find the position of the image and the 
magnifying power. 

Let V be the distance of the image from the mirror. 

12 1 

Then smoe - = , 

V r u 

1__2 _ 1^ 11 

t;"12 18*6 18' 

= •1667- -0566 =-1111, 

.'. vs9 inches. 

Magnifymg PO^«r= " = jg^ 2* 

Aknost any problem, such as the above, can be solved graphically in 
the manner of Section 52 by a large scale diagram carefully drawn. The 
position of the image is thus obtained and its distance and size can be 
measured. 

60. Ezperimental Verifications. The various for- 
mulae can all be verified by direct experiment. For de- 
monstration to a class the optical bench shewn in ^g, 11 
will be found convenient, the mirror is placed at one end 
over the zero division, the luminous object may conveniently 
be an incandescent lamp, or when this is not available, a gas 
burner, in front of which is placed a sheet of zinc with a 
hole in it ; for some purposes a sheet of perforated zinc or of 
wire-gauze is useful. 

In performing the experiment a little adjustment is neces- 
sary to allow the rays of light to reach the mirror without 
being intercepted by the screen. 

For practical work in a class the bench is not necessary ; 
the mirror may rest on the table in a suitable stand and a 
luminous object, such as a small gas jet, or a lamp with a piece 
of wire gauze, be placed in front of it; a vertical sheet of 
white paper or card forms a screen on which real images can 
be formed, and the distances of the object and image from the 
screen can be measured, either directly with a rule or more 
exactly by means of a pair of compasses applied to a rule. 
For some experiments two stout pins mounted so as to be 
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vertical, and have their points at the same height as the 
centre of the mirror are useful, or the vertical knitting needle 
used in Experiment (7) may be employed. 

When using the pins or knitting needles, one of them is 
placed in front of the mirror as the object. On looking into 
the mirror from a suitable position the reflected image can 
usually be seen, and the second pin can be placed so as to 
coincide with this image ; by measuring the distances of the 
pins from the mirror, the values of u and v in the formulae 
are found, and hence the formulae can be verified. If the 
image formed is virtual it will be behind the mirror, the 
second pin when placed to coincide with it cannot be seen. 
To avoid this difficulty a narrow horizontal strip of the 
silvering is scraped off the centre of the mirror, thus forming 
a small transparent portion through which the pin can be 
seen. 

The mirrors which are frequently used for decorative 
purposes by shop fitters are, if selected with care, sufficiently 
good to enable the measurements to be made and can be 
obtained at a small cost. 

With this apparatus, shewn in figure 74, the following 
experiments may be made. 




Fig. 74. 
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61. Measurement of the radius of a mirror. 

112 
Experiment (17). To verify the formida - + - = - ccm- 

nectwng the posUiona of cm object amd its image formed by 
reflexion in a mirror^ and to find the radius of the mirror, 
(a) Case of a concave mirror producing a real image. 
Place the object at some little distance from the mirror, 
taking care that it shall be at the same height as the centre 
of the mirror. Adjust the screen so that the image formed on 
it may be as distinctly focussed as possible. Measu^ with 
the scale the distances u between the object and mirror, and 
V between the image and mirror. Move the object further 
away from the mirror, again adjust the screen and measure v 
and u. Proceed thus to find a series of corresponding values 
of u and v. A position can be found in which the object and 
image are at the same distance from the mirror; in this case it 
is clear that they are at the centre of curvature of the mirror, 
for then all the rays fall on the mirror normally and are re- 
flected directly back. Form a Table as below, of the values 
of u, V, l/u, 1/i?, these last being taken from the Table of 
Reciprocals, and also of l/w+ l/v. The Table, which gives the 
results of a series of experiments with the optical bench, shews 

that the quantity - + - is constant, and if we remember that 

when u is equal to v as in the sixth line each is equal to v, we 
see that the value of the constant is 2/r. We thus verify for 

this case the formula - + - = -. 
v u r 
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The experiment also gives us the radius of the mirror, 
for we see, taking the mean of the observations in the last 
column as being more accurate than the single measurement 
of the sixth line that 2/r is '02035, and hence 
r/2 = 49-l and r = 98-2 cm. 

(b) Case of a concave mirror producing a virtiuil inuige. 
Place one of the knitting needles or pins close to the mirror, 
from which a strip of silvering has been scraped ; and place 
the other behind the mirror so that it can be seen through the 
clear glass. It can be made more readily visible by placing the 
white paper behind it. Adjust it as in Experiment (7) until 
it coincides with the virtual image formed by reflexion; this will 
be the case when the needle and the image do not appear to 
separate as the eye is moved about. Then measure the dis- 
tance from the mirror of the one needle in front, and that 
of the other behind. In using the observations to verify 
the formula, remember that the distance of the image is to 
have a negative sign. We shall therefore have to calculate 
the difference of the two reciprocals 1/u and 1/i?, and shall 
And that this difference has the same value as the sum had in 
the former case. Thus for this case also if we give v the 

112 
proper sign the formula - + - = - is verified. 

(c) Case of a convex mirror. The image formed in this 
case is always virtual. Proceed exactly as in (b), and substi- 
tute in the formula, remembering that v is negative. We 
shall again find that l/u -h l/v, v having its proper sign, is 
constant, but in this case the constant value will be negative, 
for r the radius of the convex mirror is negative. 

'N'62. Measurement of Magnification. Experi- 
ment (18). To find the magnifying power of a mirror. 

In the case of a real image take an object which can be 
measured. A circular hole, about 1 cm. in diameter, cut in a 
piece of zinc plate will serve, a transparent scale of millimetres 
engraved on glass is better. Obtain on a screen a real image 
of this object and measure its size, if the glass scale is used as 
an object a similar scale, backed by a piece of ground glass or 
white paper, forms a convenient screen, for by means of it the 
ratio of the size of the image to the size of the object can be 
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found immediately. It is only necessary to count the nmnber 
of divisions on the screen which coincide with some convenient 
number, such as 10 of the image. If for example we find this 
number to be 25, the magnifying power is 25/10 or 2 '5. 
Measure at the same time u and t?, the distances of the object 
and image from the mirror, and thus verify that m = v/u. 

In the case of a virtual image proceed in a similar way. 
Take some object, such as a circular hole, whose size can be 
measured, and place a scale behind the mirror; for this purpose 
a sheet of squared paper divided into millimetres will be 
useful, adjust this until the vertical image of the object 
appears to be distinctly focussed on the squared paper, and 
read off the number of millimetre divisions covered by the 
diameter of the hola Divide this number by the diameter in 
millimetres, and thus find the magnifying power. 

63. To find the image formed by a convergent 
pencil of rays. In some cases a convergent pencil of rays 
converging to a point P falls on a concave mirror and is 
reflected. We can find the position of the image by the 
method already used. For consider an incident ray parallel 
to the axis, it is reflected so as to pass through the principal 
focus, while a ray which passes through the centre is 
reflected back along its former course. The point p where 
these two rays intersect is the image of P. This is shewn in 




Fig. 76. 

fig. 75. It is clear that pq is the real image of an image FQ 
which would be formed by the rays if they were not inter- 
cepted by the mirror before reaching FQ. 
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M. To draw the nju by which an eye sees the 
image of an object formed by reflexion in a spherical 
mirror. Let pq, fig. 76, be the image of an object FQ formed 
by reflexion in a mirror, and let J^ be an eye which can see pq. 
If the incidence is to be direct, E must not be far from the axis 




Fig. 76. 
of the mirror; in the figure, for the sake of clearness, this 
distance is somewhat exaggerated. Draw a pencil of rays 
diverging from q and falling on the pupil of the eye. Produce 
these rays back to meet the mirror in B, R. Join RQ and 
RQ, then the pencil QR, QR is reflected so as to converge 
to g, and after diverging from q reaches the eye, producing 
distinct vision of ^, the geometrical image of Q, In a similar 
way the pencil by which p any other point on the image is seen 
can be drawn. 

A similar construction gives, as shewn in flg. 77, the rays 




Fig. 77. 
by which a virtual image is seen. 
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If the incidence be oblique, the image is not formed at the 
geometrical f ocas, but a discussion of its position would carry 
us beyond our limits. 

65. To use a mirror to produce a pencil of 
parallel rayi. A pencil of rays falling on a mirror parallel 
to its axis is brought to a focus at the principal focus, hence 
conversely, if a luminous point be placed at the principal 
focus the reflected rays will all be parallel to the axis. It 
should be noticed however that to secure this we must have at 
the focus merely a point of light. For let FF" be an object 
perpendicular to the axis at the principal focus F oi & mirror, 
fig. 77. The rays from F are all reflected parallel to the axis, 




Pig. 78. 

but rays diverging from F' will not, after reflexion, be parallel 
to OF but to OF', For join OF' meeting the mirror in A', a 
ray from F^ in the direction F'A is reflected back along itself , 
moreover F' is very approximately half way between and 
A', it is practically the principal focus of a mirror having OA' 
for its axis, thus rays diverging from F' will, after reflexion, be 
all parallel to 0F\ All the rays from any one point in FF' 
will after reflexion be parallel to each other, but the reflected 
rays from F' are not parallel to those from F] the reflected 
pencil is not made up entirely of parallel rays. 

66. OauBticB formed by reflexion. If a careful 
drawing be made of a pencil of rays diverging from a point 
and reflected from a spherical mirror it will be found that 
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the consecutive rays intersect each other and the points of 
intersection form a curve. Near this curve the rays are more 
closely packed together than elsewhere, in other words more 
light will fall on a given area when placed near the curve 
than in other positions. Such a curve is known as a caustic 
curve, it is seen when a glass nearly filled with water stands 
in the sunshine. A bright curve can be traced on the surface of 
the water. It may be shewn again by taking a concave 
mirror of some size, reflecting the light from a luminous source 
from the mirror, which should be tilted slightly forwards so as 
to throw the reflected rays downwards and receiving them on a 
horizontal sheet of paper. The caustic will be seen on the paper. 

EXAMPLES. 

SPHERICAL MIRRORS. 

1. Prove that the principal focus of a concave mirror is midway 
between the centre of curvature and the mirror; and draw careful 
diagrams shewing die position of the image of a given object formed by 
such a mirror, (a) when the object is more distant from the mirror than 
its centre, lb) when it is between the centre and the principal focus, 
(c) when it is between the principal focus and the mirror. 

2. An object is moved from a distance along the axis of a concave 
spherical mirror close up to the mirror. Draw figures shewing the 
alterations which take place in the position and size of the image. 

3. How would you determine whether a mirror, which you cannot 
touch but in which you can see objects reflected, be plane, concave or 
convex ? 

4. When a concave mirror is looked at, inverted images of objects in 
front of the mirror are often seen. Explain the production of these 
images, and ditkw diagrams illustrating your remarks. 

5. Find the position of the object for a given position of the image 
in a spherical concave mirror. 

6. Draw a figure shewing the paths of the rays by which an eye 
placed near the axis of a spherical mirror sees an object directly reflected 
in the mirror. 

7. State the laws of the reflexion of light, and draw a diagram 
shewing under what circumstances a virtual image of an object can be 
formed by a concave mirror. The radius of such a mirror is 6 feet, and 
a circular disk one inch in diameter is placed on the axis of the mirror at 
a distance of 2 feet from it. Determine the size and position of the 
image. 
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8. Define the focal length of a spherical reflecting surface. How far 
from a concave mirror of radins 8 feet, would you place an object to give 
an image magnified three times? Would the image be real or virtual? 

0, A bright object, 4 inches high, is placed on the principal axis of a 
concave sphericiJ mirror, at a distance of 15 inches from the mirror. 
Determine the position and size of its image, the focal length of the 
mirror being 6 inches. 

10. Describe an experiment to verify the laws of reflexion of light, 
and draw a series of careful figures to shew the changes which take place 
in the position of the image as an object is moved from a long distance 
close up to a concave mirror. 

112 

11. Prove the formula - + - = - connecting the position of the object 

and image formed by reflexion at a concave spherical mirror. 

Trace the changes in the position of the image and in its magnification 
as the object moves from a considerable distance close up to the mirror. 

12. Determine (a) by the formula, (h) by a graphical construction, the 
size and position of the image of an object 1 inch high placed respectively 
at distances of 6 inches, 9 inches, 1 ft. and 18 inches from a concave 
mirror 9 inches in radius. 

13. Determine the size and position of the image of an object 1 inch 
high placed 10 inches from a convex mirror 20 inches in radius. 

14. A concave and a convex mirror each 20 cm. in radius are placed 
opposite to each other and at 40 cm. apart in the same axis. An object 
5 cm. in height is placed midway between them. Find the position and 
size of the image formed by reflexion, first at the convex, then at the 
concave mirror. Trace carefully a ray from a point on the object to its 
image. 

15. An object is placed at a distance of 8 inches from a concave 
mirror 1 ft. in radius. A plane mirror inclined at 45° to the axis of the 
concave mirror, passes through its centre of curvature, find the position 
of the image formed by the reflexion, first at the concave, then at the plane 
mirror. 

16. The sun subtends an angle of half a degree at the centre of the 
surface of a concave mirror 86 feet in radius. Find the size of the image 
of the sun formed by the mirror. 

17. Trace in the different cases which may arise the rays by which an 
eye near the axis (a) of a convex, (b) of a concave mirror sees the image of 
an object reflected by the mirror. 
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LENSES. 

67. Refiractlon at Bpherical BurfkceB. By apply- 
ing the laws of refraction to the case of a pencil of rays 
directly incident on a spherical refracting surface, we can 
determine the position of the image of a point formed by 
refraction at such a surface, and investigate the problem in 
a similar manner to that employed in the last chapter for 
reflexion. 

Many of the terms, such as Principal Focus, Focal Length, 
Conjugate Foci, and others, apply equally to the case of refrac- 
tion. Thus we can prove that if a pencil of rays parallel to 
the axis fall directly on the surface, they will after refraction 
diverge from a point at a distance /ir/(ft— 1) from the surface, 
/A being the refractive index and r the radius of curvature of 
the surface \ 

Thus denoting the focal length hjf^ we find 

If we assume this result we can obtain by a graphical 
construction the position of the image of a point. For let A 
(fig. 79) be the centre of the surface, the centre of the 
sphere, F the principal focus, so that FOA is the axis, and let 

AO^T, AF=f=-!^, 

Let PQ be a small object. Draw FE parallel to the axis 
and join FE. After refraction the path of the ray PE will 
be FE produced. Join PO and let it meet the surface in T, 

1 A proof of this formula will be found in Section 84. 
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The ray POT is incident directly and therefore is not deviated 
by the refraction. Let the directions FR and PT of the two 
refracted rays meet at p^ then p is a virtual image of P 



Fig. 79. 

formed by refraction, and if pg be perpendicular to the axis, 
Q and q are conjugate foci and pq is the image of PQ, We 
can discuss the various cases which arise for different positions 
of the object in a manner similar to that employed in Section 
53. The discussion however is not of very great importance, 
for in practice we have usually, except in the case of the eye, 
to deal with problems in which the light again emerges from 
the refracting medium into air, and in which therefore there 
are two refractions to consider ; such cases can best be treated 
in a different manner. 

We may however obtain in the following way a formula connecting 
together the positions q^ Q, and F, 

Let AF=,f^ AQ=Uj Aq=v, Draw J?iV perpendicular to AO. Then 
when the incidence is direct, jV is very close indeed to A, and we may 
measure u and v indiscriminately from A or N. 
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By the aid of this formula or by construotion we can shew that for a 
concave surface, for which r is positive, v is always positive and the 
image is virtual, while for a convex surface for which r is negative we have 

V u r * 

and V may be either positive or negative; thus the image formed by 
refraction at a convex spherical surface may be either virtual or real. 

68. Refraction at two spherical Burfkces. We 

have already dealt with the refraction of light through a plate 
and through a prism, and have seen that (1) a ray transmitted 
through a plate is not deviated, but emerges parallel to its 
path before incidence, (2) that a ray transmitted through a 
prism is deviated towards the thick end and away from the 
edge. We proceed now to consider refraction through a portion 
of a transparent medium bounded by two spherical surfaces. 

Suppose we have a plate of some transparent material, 
such as glass, and a number of truncated prisms with different 
refracting angles^ 

Arrange these in order as shewn in fig. 79, which repre- 
sents a section of the whole by a plane perpendicular to their 
faces. In this figure ABCD is the plate, ADFE, EFGH etc. 
the successive prisms. The edges of all the prisms are turned 
away from the centre, their thick ends being in all cases 
nearest to the axis of the whole figure. 

A ray such as QF faUing on any prism, as we have 
seen in Section 42, is bent by refraction through the prism 
away from the edge, L e. toward the axis of the whole system, 
the refracting angles of the various prisms increase the 
further from the axis they are situated, and therefore the 
rays which fall on a prism at a distance from the centre are 
more refracted than those which pass through near the centre ; 
it is possible therefore that a pencil of rays diverging from a 
point such as Q may be refracted so as to converge to a point q^ 
and the combination of prisms may thus form an image of Q 
at q. 

Again since the central portion ABCD is a plate, a ray 
which traverses it is not deviated by refraction, but emerges 
in the same direction as that before incidence. 
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If now we suppose the prisms to become extremely 
numerous, the size of each being correspondingly diminished, 
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Fig. 80. 

the lengths of the lines AE EG etc. become extremely small, 
and the surfaces of the prisms may be treated as a continuous 
curve instead of a number of smaU plane facets. In many 
cases the curves are portions of circular arcs. 

69. Iienses. A portion of any transparent medium 
bounded by two circular arcs will refract 3 

rays of light like the assemblage of prisms 
described in the last section. Let BAG, 
BA'G^ ^g, 81, be two such circular arcs. 
Let the line AA^ pass through the centres A'^A 

of the two circles so that it is perpendicular 
at A and A' to the two arcs respectively, 
and consider the solid formed by causing the 
arcs to rotate about AA\ the two arcs will 
generate portions of two spheres which will q 

intersect. If we suppose the space common Fig. 81. 
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to the two spheres to be composed of some transparent 
material differing from the surrounding medium, light travers- 
ing it will be refracted similarly to the light which passes 
through the assemblage of prisms just described. A ray 
incident at any point except Ay will on emergence be bent 
towards the line AA\ Such a portion of a transparent medium 
constitutes a lens. The line AA* is the axis of the lens. 

When as in fig. 80 the edges of the prisms are all turned 
outwards from the axis so that the lens is 
thickest at its middle part, it is said to be a 
convex or converging lens; if on the other 
hand the edges of the prisms be turned to- 
wards the axis so that the lens formed is 
thinnest at the centre, as in ^g. 82, the rays 
which traverse it are bent away from the axis 
and the lens is said to be concave or diverging. 

Definition of a lens. A lem is a por- 
tion of a transparent refracting medium 
hounded by two surfaces^, tisitally spherical. 

The line joining the centres of the two spheres which 
bound the lens is called ths axis of the lens. 

A convex lens is thickest at its axis and refracts rays which 
traverse it towards its axis. 

A concave lens is thinnest at its axis and refracts rays 
which traverse it from the axis. 

At the points at which they are cut by the axis the 
surfaces of a lens are parallel; in the 
neighbourhood therefore of the axis the 
lens behaves like a plate; rays which 
fall on it near these points are unde- 
viated by refraction through the lens. 
The path of such a ray is given in 
fig. 83, PB incident at E very close to the 
axis is refracted along MS in the lens, 
again refracted in the opposite direction 
at aS', and since the surfaces at B and aS' 

1 In some lenses one of the surfaces is plane; such a lens may, if 
necessary, be treated as a spedal case of one having two spherical surfaces, 
if we suppose the radius of one of these to become infinitely large, for a 
plane may be looked upon as part of a sphere of very large radius. 

G. L. 8 
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are practically parallel to each other, it emerges along ST 
parallel to PB and is undeviated. 

Principal Focus, If a pencil of parallel rays fall on a 
convex lens in a direction parallel to its axis they are made to 
converge by the lens and meet very approximately in a point on 
the axis. This point is called the principal focus of the convex 
lens. 

If a pencil of parallel rays fall on a concave lens in a 
direction parallel to its axis they are made to diverge by the 
lens and appear after refraction to proceed very approximately 
from a point on the axis. This point is the principal foctia of 
the concave lens. 

Focal length. The distance between the lens and its 
principal focus is called the foccd length of the lens. 

Optical Centre of a lens. Consider two points at which 
the bounding surfaces on opposite sides of a lens are parallel. 
Join these two points and let the line joining them cut the 
axis in a point C, Then this point is found to be fixed on the 
axis and is called the Optical Centre of the lens. 

The position of the optical centre may be found thus. 
Let Rt S, fig. 84, be two points on the lens at which the faces are 
parallel. Draw BO and SO' normals at R and S passing through and 




Fig. 84. 

C the centres of curvature of the faces. Then RO and SO' are parallel. 
Let RS cut AA' in C, Then the triangles ORG, O'SC are similar. 
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Therefore 



Henoe 



PC _0R_ OA 
O'C" O'S"^ O'A'' 

AC _ OA 
A'CaA'' 



Hence the point C divides AA' in the ratio of the radii of the 
surfaces and is therefore the same for all positions of R and 8, provided 
only that the normals at R and 8 are parallel. In the case of some 
lenses the point C lies outside the lens dividing AA' externally in the 
ratio of the radii. This point is the optical centre and is fixed in position. 

Now let Pi2 be a ray which, when traversing the lens, passes through 
the optical centre C and let ST be the emergent ray. Since the angles 
between RS and the normals at R and 8 are equal, the angles between 
these same normals and the incident.and emergent rays at R and 8 are 
also equal, but the normals at R and 8 are parallel, therefore the 
incident and emergent rays at R and 8 are parallel. Hence we arrive at 
the conclusion that if a ray be incident on a lens in such a direction that 
the refracted ray in the lens passes through the optical centre, tiie 
emergent ray is parallel to the incident ray. We may thus give the 
following definition of the optical centre of a lens. 

If a ray of light traverses a lens in such a way that the incident and 
emergent rays are parallel the path of the ray in the lens intersects the 
axis in a fixed point which is called the optical centre of the lens. 

Thus when the ray in the lens passes through the optical centre the 
emergent ray is parallel to the incident ray, but is displaced laterally 
through an amount depending on the thickness of the lens and the angle 
of incidence. 

70. TChia lenses. In most of the lenses with which 
we have to deal, the thickness of the lens is very small 
compared with its focal length. The points A and A' of figure 
84 are very close together and the optical centre C is very 
close to either of them. When this is the case the lens is 
called a ifiin lens. In treating of a thin lens we neglect the 
thickness and consider the points A^ A' and G as coincident. 
Either of them may be spoken of as the centre or optical 
centre of the lens. 

In this case then a ray incident at il is neither deviated 
nor laterally displaced by refraction. The emergent and inci- 
dent rays are in the same straight line. If we neglect the 
thickness of a lens near the axis we must neglect it elsewhere 
and treat the points of incidence and emergence of any ray as 
coincident. 

8—2 
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71. Experiments with lenses. To shew the refrac- 
tion of light by a lens, 

(a) Arrange the lantern to produce a parallel pencil of 
horizontal rays and allow them to fall directly on a trough 
containing water mixed with a little fluorescent material. 
The path of the parallel beam through the water is clearly 
visible. Place a convex lens in the path of the beam before it 
enters the water. The emergent rays are convergent and are 
brought to a focus beyond the lens. Replace the convex lens 
by a concave one, the emergent rays are seen to be divergent. 

(b) Light a gas flame and allow the light to fall on a 
convex lens at some distance away, place a screen beyond the 
lens ; a luminous patch is seen on the screen, and by adjusting 
the screen a distinct inverted image of the flame can generally 
be seen. Move the gas flame nearer to the lens ; the image 
ceases to be distinct, but on moving the screen further away 
it can again be brought into focus. If however the flame be 
brought fairly near up to the lens, it will be found impossible 
to obtain a real image on the screen : when this is the case, on 
looking through the lens at the flame, an erect magnified 
virtual image is visible. 

(c) Replace the convex lens by a concave one; a real 
image can not now be obtained, but, on looking at the flame, 
an erect diminished virtual image is seen. 

72. Positive and negative focal lengths. In 

numerical problems on lenses the various distances involved 
are usually measured from the centre of the lens, and the same 
convention with regard to signs as was explained in Section 
61 is adopted. Lines drawn from the lens in a direction 
opposite to that in which the incident light travels are called 
positive, lines drawn from the lens in the same direction as 
that in which the incident light is travelling are negative. 

Consider now a concave lens on which a paraUel pencil is 
incident, the rays are made to appear to diverge by refraction 
from a point F, fig. 85, on the same side of the lens as the 
distant source. Thus the principal focus is virtual. The 
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focal length AFis drawn from the lens in a direction meeting 
the incident light and is therefore positive. 



Fig. 85. 

In the case of a convex lens, fig. 86, the parallel rays are 
made to converge hy the lens. The point F is on the opposite 




Fig. 86. 



side of the lens to the distant source. The principal focus is 
real and the focal length AF is negative. Hence 

The focal length of a concave lens is positive, tha/t of a 
convex lens is nega>tive. 

The relation between the focal length of a lens, the form of its 
surfaces and its refractive index is discussed in § 84. It is there shewn 
that, if r and s are the radii of its first and second surfaces, fA the refrac- 
tive index and /the focal length, then 



^^-'a-9- 



In this formula r and 8 are subject to the usual convention as to 
signs. In the various forms of concave lens described in the next 
section it will be seen that s is either negative or, if positive, it is greater 
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than r, so that in either case is positiye and the focal length is 

positive ; for a convex lens either r is negative, or « is less than r, thus 
the focal length is negative. 

73. Forms of lenses. In fig. 87, are shewn three 
sections through the axis of various forms of concave lens, 
(a) is a dovJble concave lens, both faces having their concavities 
turned outwards, (6) is a plano-conca/ve lens, one face being 




plane, while (c) is a concave meniscus, the second face is 
convex outwards but its radius is greater than that of the 
first face, so that the lens is thinnest at the centre. In all 
cases the principal focus is virtual and the focal length 
positive. 

In fig. 88, are given three sections of convex lenses, (a) is 
a double convex lens, (b) B^pUmo- 
convex lens, and {c) a convex 
meniscus y one face of (c) is 
concave outwards, but the ra- 
dius of this face is greater 
than that of the second face, 
and the lens is thickest at the 
centre. 

In all cases the principal « 

focus is real and the focal ^ 

length is negative. ^^' ®®' 

In most problems it is sufficient for us to know the position 
of the principal focus of a lens in order to obtain a solution. 
The forms of the surfaces do not affect the solution unless we are 
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attempting to go to a higher order of approximation than is 
allowed by the limits of this book. Provided the focal lengths 
of the three lenses in fig. 88 be the same, any one of them 
produces, so far as our present purpose is concerned, the same 
effect on an incident pencil. It is only when we come to deal 
with more complex problems than are now before us that the 
form of the surface has to be considered. 

74. Images formed by a lens. In determining the 
position of the image formed by a lens we make use of two 
principles, practically the same as those enunciated in Section 
52 when dealing with reflexion. 

(1) A ray falling on a lens in a direction parallel to its 
axis passes on emergence through the principal focus, 

(2) A ray incident at the optical centre passes through 
the lens tvith its direction vmAihanged, 

The point where these two emergent rays meet is the 
image of the source of light. 

In applying these two principles to a graphical construction, a small 
practical difficulty arises from the fact that a lens, as drawn, usually has 
an appreciable thickness. Thus let CAB, fig. 89, be a lens, PR a ray 
incident parallel to the axis F'AF^ A the optical centre, F the principal 
focus, and F^ a point on the axis to the right of A such that AF' is equal 
to AF, Then PR is refracted at R along RS say, and after a second 
refraction at S emerges along SF, The points R and S are distinct. To 
find 8 we ought to apply Sie construction given in Section 67 for a 




Fig. 89. 

single refraction. But since the lens is to be treated as very thin, R and 
8 are very close together, we may without serious error suppose them 
coincident, and treat RF as the emergent ray, the two lines RF and 8F 
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are so near together that no appreciable error is introdaoed by this, 
l^e following method will give a slightly better result in the important 
case of a double convex lens. Join CB and let A, fig. 90, be the point in 




Fig. 90. 

which CB cuts the axis. Produce the incident ray to meet CB in R, 
Join RFj then RF is the refracted ray. For a double concave lens take 
a plane BAG perpendicular to the axis and passing through the optical 
centre and proceed in the same way. 

76. To find the image of a point formed by direct 
refraction through a thin concave lens. Let F be the 

principal focus, A the centre of a concave lens BAC, F a point 
on the object near the axis of the lens. Join FA and produce it 

B 




Fig. 91. 



to jT. a ray incident along FA emerges in the same straight 
line along A 7\ Draw FF parallel to the axis to meet the 
line BAG through the optical centre in R, Join FE and 
produce it to iS'. A ray incident along FR is refracted along 
FS; let FF and FA meet inp. The two emergent rays AT 
and FS appear to diverge from p, thus p is a virtual image of 
P. Draw FQ and pq perpendicular to the axis. Then pq is 
a virtual, erect and diminished image of FQ. 
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76. To obtain a formula connecting together 
the poBitions of an object and its image formed by 
direct refraction through a concave lens and to 
determine the magnifying power. Determine as in 
the last section the position of the image pq of an object PQ, 
Let il Q = w, Aq=Vy AF=f, Then RA = PQ. 

And we have 

uAQPQRA _AF _ f 
V Aq~ pq ~ pq " Fq f -v' 

V u~ f 

Again, the magnifying power is equal to the ratio of pq to 
PQ^ and we have 

n _'^ _ distance of image from lens 
PQ ~ w "~ distance of object from lens ' 

We can express the magnifying power in different ways for, from the 
figure, we find 

Also from the formola 

t; u~/» 
we have -=!+-=•'——, 

u f+u 

Moreover the formula shews us that v is always positive, so that the 
image is always virtual, and since 1/v is greater than Iju, v is less than 
Uf and the magnifying power less than unity. We have also 

f-^=^^ f 

Thus {f-v){f+u)=fK 

Produce FA to JP' making AF* equal to AF, then qF is equal to /- », 
and QF* to f+u, hence we see that 

QF'.qF=p. 

These results may be compared with those given for a mirror in Section 
58. 
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77. To find the image of a point fbrmed by 
direct reftraction through a thin convex lens. The 

construction is the same as that in Section 75 but various 
cases arise. In the case of a convex lens, assuming the light 
to come from the right, the principal focus is to the left of the 
lens and y the focal length is negative. 

Let F be the principal focus of the lens BAG, fig. 92. 
Take a point F' on the axis to the right of the lens and at a 
distance from the lens equal to its focal length / so that AF 
is equal to AF, 

Case (1). The object is at a distance less than/. 

Let FQ be an object nearer to the lens than Fy fig. 92. 
Draw PAT through the centre, the ray FA emerges without 
deviation. Draw FB parallel to the axis meeting the line 
BAO in R, Join EF, the ray FH emerges along RF and it 




Fig. 92. 



will be found that FE and TA can be produced backwards to 
meet ; let them meet at p. Then p is a, virtual image of F. 
Draw pq perpendicular to the axis; pq is the image of FQ 
and it is virtual, erect and magnified. This will be found to 
be the case whenever FQ lies between A and F. 

Case (2). The object is at a distance greater than / less 
tha/n 2/. 

Let FQ, fig. 93, be an object, further from the lens than 
F' but at a less distance than 2/1 Construct the figure in 
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the same, manner as previously. Draw FE parallel to the 
axis meeting BAG in E, join EF, Draw FA through the 



B 



I ^.^^z^^^^ ^ ^ 



V 



Fig. 93. 



centre and produce it to p. It will be found that EF pro- 
duced intersects A'p^ let them meet at j9. Draw pq perpen- 
dicular to the axis. Then 'pq is an image of FQ, In this 
case the image is real, inverted and magnified. 

Case (3). The object is at a distance /rom the lens greater 
Hum 2/. 

Let FQ, fig. 94, be the object and suppose the distance AQ 
is greater than 2^. Construct the figure exactly as for Case (2). 

B 




Pig. 94. 



An image pq is formed, and it will be found that the image 
pg is in this case real, inverted and diminished. 

Hence we may sum up our results for convex lenses thus : 
A convex lens produces a virtvxd^ magnified and erect image of 
am, object which is nearer to it tha/n its ovim focal length 

When am, object is placed at a distance from a convex lens 
greater than the focal length of the lens, the im^age formed by the 
lens is real amd invei'ted. If the distance between the object and 
the lens is greater than the focal length but less than twice the 
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focal length, the image is magnified, if the distance between the 
object and the lens is greaier than twice the focal length the 
image is diminished. 

78. To obtain a formula connecting together 
the positions of an object and its image formed by 
direct refaction through a convex lens and to 
determine the magnifying power. The formula and 
the method of proof given in Section 76 apply, if we remember 
that for a convex lens / is negative. We most therefore 
change the sign of /in the expressions there given and write 

We can readily obtain the formula in this form from the 
figure thus. 




Fig. 96. 

Determine as in the last Section (Case 1) the position of pq, 
a virtual image of an object PQ formed by a convex lens. Let 

AQ = u, Aq^v, AF=f 
Then EA=PQ, 

and we have 

v" Aq" pq ^ pq Fq f-¥v' 
Whence / (w - 1?) = — uv, 

1 1 1 

or = - :? • 

V u J 
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In this fonnula / stands merely for the numerical value of 



B 







iR 




P 


q 






^^-""'^I^-^-''""! 


|a 


F' 


Q 


P 


c 







Fig. 96. 



the focal length. 

Again, if the image formed be real (Cases (2) and (3)), we 
have from fig. 96, in which 



u 

V 



whence 



or 



AQFQ^ EA^ AF_ J_ 
Aq^ pq^ pq" Fq " t? -/ ' 

f (u-\-v) = uv 

1 1 1 

V u f 



This formula only applies to the case of a convex lens 
forming a real image ; it may be obtained from the standard 

form - — — = ^ i^ we remember that v and /are both negative. 



V u 
We thus have 



or 



— V 



1 
u 



'f 



1 1 1 

- + - = "?• 

V u f 



Again, the magnifying power m is equal to the ratio of pq 
to FQ and we have 

_pq ^'^ _ distance of image from lens 
~ i^ ~ w ~ distance of object from lens * 
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79. Measurements with convex lenses. 

Experiment 19. To verify the relation between the positions 
of an object amd its image formed by a convex lens ; to determine 
the focal length of the Ims and to find its magnifying power. 

In making the observations we may use the optical bench 
shewn in fig. 11, the lens will take the place of the Bunsen 
disc and the screen that of one of the sources of light. Ap- 
paratus similar to that shewn in fig. 74 may also be employed. 
A convenient form of mounting for the lens is given in fig. 97. 




Fig. 97. 
A substantial wooden block rests on the table and carries an 
arm which can rotate about a screw through one end. The 
lens, held in a metal or ebonite frame, is secured to a second 
arm attached to this by another screw, and is thus capable of 
various adjustments. The lens will come between the screen 
and source of light and the distances required can be measured 
by the scale and compasses. 

(a) If the object be not too near the lens a real image 
will be forined on the side of the lens remote from the object. 
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Take as object a small gas flame, or preferably a flame in 
front of which a metal screen pierced with a hole some 5 mm. 
in diameter is placed. Arrange a white screen on the side of the 
lens remote from the light, and adjust it until the image is in 
focus on the screen. Measure the distance u of the object 
from the lens, and also the distance r-voi the image ; the sign of 
V is negative because the image and object are on opposite sides. 

Obtain in this way a series of corresponding values of u 
and — V, arrange them as in Table III. and calculate the value 

of .for the different values of v and u. This value will, 

V u 

within the limits of error of the measurements, be found to be a 

constant negative quantity, if we denote it by - ^ then / is 

the focal length of the lens. We thus find the focal length of 
a convex lens. 

Table III. 



« 


-V 


1 

-V 


1 

u 


1 1 

V u 


60 


138 


•0072 


•0167 


-•0239 


70 


103 


•0097 


•0143 


-•0240 


80 


87 


•0115 


•0125 


-•0240 


90 


77 


•0130 


•0111 


-•0241 


100 


71 


•0141 


•0100 


-•0241 


120 


63-5 


•0158 


•0083 


- ^0241 


140 


59 


•0169 


•0071 


-•0240 


160 


56 


•0178 


•0063 


-•0241 


180 


54 


•0185 


•0056 


-•0241 


83 


83 


•01204 


•01204 


-•02408 



The mean of the values in the last column is *02405, and 
none of the values found differ much from this value. The 
reciprocal of —-02405 is -41*58, and this then is the focal 
length of the lens. Thus the formula is verified and the focal 
length is determined. 

(6) If the object be near the lens a virtual magnified 
image is seen. Use a lens which has been cut in two along a 
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diameter and mount it so that this diameter is vertical. It 
is then possible to see at the same time, by looking through 
the lens, the image of a horizontal pin or knitting needle formed 
by light refracted through the lens, and, by looking to one side, 
a second pin or needle which can be made to coincide with 
the image of the first. 

By measuring the distance from the lens of the two pins 
we have the values of u and t?, these we can substitute in the 

expression , and thus again verify that the expression is 

constant for the various values of u and v. 

This can be best done by tabulating the values as in (a). 
If the same lens be used in the two experiments the resulting 
values of/ will be the same. 

(c) To determine the magnifying power we need to 
measure the size of the object and the size of the image. 
This is done as in Section 62, using as object either, a 
circular hole of measured diameter or a translucent scale 
lighted from behind, and as screen a piece of squared paper or 
a second scale on which the image of the first may be cast. 

(d) The following is a simple approximate method of 
finding the focal length of a convex lens. Hold the lens so as 
to throw on the wall or on a screen the real inverted image of 
some distant object ; the bars of a window at a distance of 10 
or 12 feet will serve, then if the focal length be about 1 foot 
or under, the window is practically an object at an infinite 
distance, and the distance between the lens and the wall is 
the focal length. Measure this with a scale. 

80. Measurements with concave lenses. 

Experiment 20. To verify the relation between the posiHons 
of an object and its image formed by a concave lens; to determine 
the/oca^ length of the lens, and to find its magnifying power. 

Use a lens cut in two across a diameter as in Experiment 
19 (6). Look at one pin through the lens and adjust a second 
so that the image of the first seen through the lens may 
coincide with it. The distances of the pins from the lens give 
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u and V, Tabulate these and calculate the values of : 

V u 

they will be found to be constant and their reciprocal will be 

the focal length. To find the magnifying power, measure as 

in Section 62 (c) the size of the object and the image, and verify 

that their dimensions are in the ratio of their respective 

distances from the lens. 

81. Vision through a lens. To trace the pencil of 
rays hy which an eye sees the image of wn object formed by 
refraction throtigh a lens. 

If an eye be placed at a suitable distance from a lens and 
in such a position that a pencil of rays diverging from a point 
on the image may enter it, the image formed will be seen by 
the eye. The course of the rays by which vision is produced 
in various cases is shewn in figs. 98-100. 

Figure 98 shews a convex lens forming a real image. 
The eye E, is placed at some distance behind the image 
pq. To trace the rays, find the position, pq, of the image 
of an object PQ. 




Draw the conical pencil of rays proceeding from jp to fill 
the pupil of the eye and produce the rays back to meet the 
lens in BE'. Join BR to P. Then a conical pencil diverging 
from P is made by the lens to converge to p, and on diverging 
thence enters the eye and produces vision ; the eye sees pq, 
the image of PQ formed by the lens. 

Figs. 99, 100, constructed in a similar manner, give the path 
G. L, 9 
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of the rays in the case of a virtual image formed by a convex 
lens and concave lens respectively. 




Fig. 99. 




Fig. 100. 



Many examples on lenses can be soWed by aid of a 
graphical oonstrDction ; if the drawings are done carefully and to scale 
nmnerical resnlts may be readily obtained. 

In working examples by the aid of the formula, it is much the best 

plan to adhere to the standard form = 7 . If the lens be convex,/ 

is negative, if, on snbstitQting the valaes of / and u, 1; tarns ont to be 
negative, then the image and object are on opposite sides of the lens and 
the image is real. For example, 

(a) An object is placed at a distance of 15 inches from a concave lens 
10 inclies in focal length; find the position of the image and magnification. 

We may solve this graphically, constructing as in fig. 91, making 

AF ^10, AQ =^15, or thus, in the formula, tt=15, /=10, 
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1_1 1_ 1^ ■ 1 _8 + 2_l 
t;""/'^M~10 16"" 30 6' 

vs 6 inches. 

Magnification = v/u = 6/15= 2/5. 

(b) Determine the position of the image under the same circumstances 
if the lens he convex. 



In this case 




11111 -3+2 
v" /"^u" 10"'"16'' 30 ~ 


1 
"30 


t;= -30 inches. 




Also OT=t;/tt=-30/16=-2. 





Thns the image is real, at a distance of 30 inches from the lens on 
the side remote from the object and of twice the size of the object Since 
the magnification is negative we infer that the image is inverted. 

(e) An object is placed at 5 inches from the same convex lens; find the 
position of the image and the magnification, 

xxr V, 1 1.1 1.11 

Wehaye .= .- + _=._ + _ = ._, 

i;=10 inches, 

m=st7/tfs=2. 

Thus the image is 10 inches from the lens and is virtual, the magni- 
fication is 2. 

*82. Formulae connected with a lens, (a) To 

shew that in a conctwe lens the image of a real object is 
alioays virtual. This may be done by experiment or by con- 
structing graphically for the position of the image correspond- 
ing to a series of positions of the object. It follows at once 
from the formula for 

1 1 1 

V u f 

Thus since u and /are positive v is positive, and the image 
is virtual. Moreover 1/v is greater than 1/w; thus v is less 
than u and the image is diminished. 

9—2 
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(b) To shew that in a convex lens the image of a real 
object may be vvrtuaH or real. We have for this case 

1=1-1 
V u f 

If tt is less than y, 1/u is greater than 1// and 1/t? is 
positive. The image is virtual If t^ is equal to f^ l/v is zero 
and 17 is infinite. 

If however u is greater than /j 1/u is less than 1//^ thus 
l/v is negative and the image is real. 

(c) To trace the changes in the position of the image as the 
object is moved/rom a distance wp to the lens. 

Take the case of a convex lens for which the formula gives 

1=1-1 
v~ u /' 

When u is infinite, v = -/, the image is formed at the 
principal focus and is real and inverted ; as u decreases, the 
object moving nearer to the lens, v increases, remaining 
negative. 

Again, v is less than u until u = 2f when v = — 2f, and 
the object and image are of the same size. As u decreases 
further, v is still negative and increases until the value 
u =y is reached, when v becomes infinite. Throughout these 
changes the image is real and inverted. 

When u is less than /, l/u is greater than 1/^ thus v is 
positive and greater than u ; hence, when the object is nearer 
to the lens than its principal focus, the image is virtual and 
magnified. 

* 83. Special problems with Lenses. We require in 
some experiments to consider the path of a pencil of rays 
which are converging to a point, but which before actually 
reaching it fall on a lens. In finding this the same prin- 
ciples apply. Let us suppose that an image of some distant 
object is formed by a convex lens or concave mirror and 
that the rays which go to form it are intercepted by a lens, 
which may be either concave or convex. 
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(a) Let F, fig. 101, be a point to which a pencil of rays 
is converging, and let the pencil fall on a concave lens. Two 
cases occur depending on the position of the lens. 

(i) Suppose P be at a greater distance from the lens 
than its focal length. Consider a ray P'RP travelling 
parallel to the axis, let F be the principal focus, join Fto R 
and produce it to R, then the ray F'R is refracted along RRf, 
Consider another incident ra,j pAF passing through the centre 




of the lens. This ray travels on without deviation. Let R'R 
produced backwards meet it ill p. Then rays converging to F 
appear after refraction to diverge from p and a virtual image 
pq is formed of FQ, 

(ii) Suppose P to be nearer the lens than its principal 
focus. The same construction will apply, but it will be found 
that piaU) the left of F, A real magnified image is formed. 

(5) Let the convergent pencil fall on a corwex lens. Then 
the incident pencil is made more convergent by refraction, the 
construction is the same and it will be found that a real di- 
minished image of P is always formed nearer the lens than 
the point F itself. 

* * 84. Formulae connected with direct refraction 
at a spherical surfoce. 

Let QR, fig. 102, be an incident ray making an angle OBQ equal to 
with the normal at B ; let the refraoted ray produced backwards meet the 
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axis in q. Draw JR^ perpendioalar to the axis. Then ORq=si>\ let 




Fig. 102. 

AOR-e. Then iJQO=tf-0, iJQO=stf-0'. When R is yery near to ^ 
RQ beoomee eqnal to u, iSg to v. Put RN equal to a. 

Then from the figure when jR is near Ati,e. when the inoidence is 
direct, 

an0=^ Bm{0 -4>)=l 8in(tf-0')=^, 

and eince when an angle is small it may be pat eqaal to its sine, we 
have ultimately 



■*=e. 



-*'=^ 



^""r u* r v' 

Also sin 0=/i sin 0', or if and are small, 0=:/i0'. 

Therefore =/* ( ) , 

or i: - - = *- — . 

V u r 

When ti is infinite and l/v zero, v is equal to / the fooal length. Hence 

BeftaotioB tbrongh a lens. Let AB, fig. 108, be the axis of the lens. 
Let r be the radius of the first, • that of the second surface, and suppose 
that both surfaces turn their concavities towards the light so that r and 
$ are positive. If the lens is thin we may measure distances indiscrimi- 
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nately from either A or B, Let Q be a sonioe of light on the axis. Let 
Q' be the geometrical image of Q formed by the first refraction, and let 




Fig. 103. 



g be the image of Q' formed by refraction at the second surface. Let 
AQ=:u, Aq=v, 
Then the formula just proved gives 

AQ'^u r 



(1). 



For the second refraction from glass to afr the refractive index is l//u, 
and since A and B are, if the thickness be neglected, coincident, we have 



1 



1 



or 



J_ 

V AQ''''~8 
1 ji__ M-1 
v'aQ""' 8 

Hence adding (1) and (2) we eliminate fil^Vf ^^^ ^z^d 



.(2). 



V u ^ '\r 8/ 



If u is infinite v=f. Thus 



; = "-') (i-!) <•>• 



Therefore 



•W. 



The formula (3) gives us the value of the focal length in terms of the 
radii of curvature of the surfaces of the lens. 

For a double convex lens r is negative, for a plano-convex r is infinite, 
and for a convex meniscus r is positive but greater than «. Thus in all 
these cases f is negative. 
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1. A small object 1 inch in length is placed at a distance of 3 feet 
from a convex lens of focal length 1 foot. Where and of what size is the 
image ? niastrate your answer by a figure. 

2. Explain with figures the action of a convex lens, (1) when used 
as a magmS^ring glass, (2) when forming a real image of an object. 

A droular disc 1 inch in diameter is placed at a distance of 2 feet 
from a convex lens of 1 foot focal length. Where and of what size will 
the image be 7 

3. Draw accurately the paths of four rays, two proceeding from 
each end of an object 2 inches high, placed symmetrically on the axis of 
a concave lens of 4 inches focal length at a distance of 6 inches from it ; 
and thus obtain the height and position of the image. 

4. Determine the positions of the images formed when an object is 
placed at a distance (a) of 3 feet, (h) of 1 foot, in, front of a convex lens of 
2 feet focal length. 

5. A convex lens of 6 inches focal length is used to read the 
graduations of a scale and is placed so as to magnify them three times ; 
shew how to find at what distance from the scale it is held, the eye being 
dose up to the lens. 

6. An object is placed at a distance 2/ from a convex lens of focal 
length/. The rays after traversing the lens are reflected from a convex 
mirror and again refracted by the lens, forming a real inverted image 
coincident with the object : if the distance between the lens and the 
mirror is a shew that the tadius of the mirror is 2/- a, 

7. A circular disc 1 inch in diameter is placed at a distance of 2 feet 
from a concave lens of 1 foot focal length. Where and of what size will 
the image be 7 

8. Two convex lenses are placed on the same axis at a dis^nce 
apart slightly less than the sum of their focal lengths. Shew how to 
trace a pencil of rays from a distant object through such a combination. 
Deteimme the magnification produced by the lenses. 

9. Shew how to determine, either graphically or arithmetically, the 
position and magnitude of the image of an object placed in front of a 
convex lens. An arrow 1 inch long is placed 8 inches away from a 
convex lens whose focal length is 3 inches. Find the position and length 
of the image. 

10. Ton are provided with a lens of 6 in. focal length and a screen 
15 ft. square, and are required to form an image of a lantern slide 8 in. 
square so as to just fill the screen. Where must .the lens and slide be 
placed 7 
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11. Explain how to determine the fooal length of a doable oonvez 
lens without the aid of son light. 

12. A person looks at an object through a concave lens of 1 foot 
focal length, the object being 6 feet beyond the lens. Draw a figure 
shewing the paths of the rays by which he sees the image formed, and 
determine its position. 

13. A convex lens of focal length/ is placed at a distance 4/ in front 
of a concave mirror of radius / and an object is placed half way between 
the two. Compare the sizes of the images formed by refraction through 
the lens (1) directly, and (2) after one reflexion at the mirror. 

14. A convex and a concave lens each of 10 in. focal length are held 
coaxially at a distance of 5 in. apart. Find the position of the image if 
the object is at a distance of 15 in. beyond (a) the convex lens, (b) the 
concave lens. 

15. If an observer's eye be held up dose to a convex lens of 3 cm. 
focal length to view an object at a distance of 2'5 cm. from the lens shew 
that the magnifying power is 6. 

16. Light from a luminous object passes through a concave lens and 
after reflexion from a concave mirror forms a real inverted image of the 
object between the lens and the mirror. Trace the path of tke rays; 
and shew how to find the focal length of the lens from a knowledge of 
the radius of the mirror, the distance between the lens and mirror and 
the positions of the object and image. 

17. A circular disc 1 inch in diameter is placed at a distance of two 
feet from a convex lens ; a virtual image 1 foot in diameter is formed. 
Find the focal length of the lens. 

18. Describe a method of finding the focal length of a concave lens 
by experiment, giving diagrams showing the course of the rays of light. 

19. Give drawings to scale shewing the formation of a real image by 
a concave mirror and a convex lens respectively. 

20. An object is placed at a distance / from a concave lens of 
focal length /. The rays after traversing the lens are reflected from a 
concave mirror and again refracted by the lens, forming a real inverted 
image coincident with the object : if the distance between the lens and 
the mirror is a shew that the radius of the mirror is a + if, 

21. A small air-bubble in a sphere of glass 4 inches in diameter 
appears when looked at so that the bubble and the centre of the sjphere 
are in a line with the eye, to be 1 inch from the surface. What is its 
true distance ? (/i=sl-5.) 

22. An object 3 inches in height is placed at a distance of 6 feet 
from a lens, and a real image is formed at a distance of 3 feet from the 
lens. The object is then placed 1 foot from the lens. Where, and of 
what height, will the image be f 
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23. A convergent pencil of light falls upon a concave lens. Trace 
the position of the image as the point of convergence of the pencil moves 
from an infinite distance up to the lens. 

24. What is meant by the statement — the focal length of a given 
convex lens is 2 feet ? Draw a figure, approximately to scale, indicating 
the paths of the rays of light and the positions of the images formed, 
when an object is placed (a) at a distance of 6 feet, (6) at a distance of 
1 foot from such a lens. 

25. Explain the action of a convex lens when used as a simple 
microscope and shew by a figure the mode of determining the magnitude 
and position of the image when the focal length of the lens and the 
position of the object are given. 

26. If the focal length of a concave lens be 4 in. and the object 6 in. 
away from it, where will the image be? 



CHAPTER VII. 

OPTICAL INSTRUMENTS. THE EYE. VISION. 

86. The optical Lantern. This piece of apparatus 
has been referred to in several of the preceding sections. It 
is usually employed as in the Magic Lantern to produce on a 
screen a magnified image of an object, such as a photographic 
transparency. This can be done by the aid of a convex lens 
which, as we have seen, produces a real magnified image of an 
object placed at a rather greater distance from the lens than 
its principal focus. 

When the image is much magnified, the light proceeding 
from the object is diffused over a large area; its intensity 
therefore at each point of the area is diminished, and unless 
the object is brilliantly illuminated the image is faint. In 
the optical lantern a brilliant source is used to illuminate the 
object. The rays diverging from this source traverse a large 
convex lens or pair of lenses called the condenser, and are 
caused by this to converge on to the object in svich a way as 
to illuminate it all over, and afterwards to traverse the convex 
lens or combination of lenses by which the image is formed on 
the screen ; when a lamp is used as the source a concave mirror 
is placed behind it so as to reflect on to the condenser the rays 
which proceed backwards from the source, and thus increase 
the illumination. The arrangement of the apparatus is shewn 
diagrammatically in fig. 104. 
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The position of the lens can be adjusted so as to focus the 




Fig. 104. 
image distinctly on the screen. 

86. The Camera Obscura. The principle of this is 
shewn in fig. 105. AB represents a plane mirror or a large 
right-angled prism with its reflecting face at 45° to the 
vertical. Light, from a distant object, falling on this is re- 
flected vertically on to a convex lens appearing to come from 
the virtual image of the object which is formed by the mirror. 




The mirror and lens are placed in the roof of a darkened 
chamber, and the focal length of the lens is such that a real 
image of the object is produced on a white table placed below. 



85-87] OPTICAL INSTRUMENTS. THE EYE; VISION. 141 

The mirror can be turned round the vertical and, as this is 
done, images of objects in various directions are formed on the 
table below. 



87. The Photographic Camera. The optical part 
of this consists of a convex lens, by aid of which a real 
diminished image of an object at some little distance can be 
formed on a screen. This screen forms one end of a box of 
adjustable length, the lens or combination of lenses being 
placed in the centre of the opposite end. The sides of the 
box are everywhere opaque to light, which can thus reach the 
screen only by traversing the lens. 

The image formed by the lens is at first received on a 
screen of ground glass, so that it is visible to an eye placed 
behind the glass, and the distance between the screen and the 
lens is adjusted until the focussing is distinct. When this is 
secured, the ground glass is replaced by a plate coated with a 
film of collodion or of gelatine containing a salt of silver which 
is sensitive to light and the image formed on this. Chemical 
changes take place in the film, depending on the intensity of 
the light and the time of exposure, and the impression thus 
formed is rendered visible and made permanent by the action 
of developing and fixing solutions. So far as the optical 
action is concerned, the essential part of the camera is a 
convex lens arranged to form on a sensitive plate a real image 
of an object. 

The above three instruments are based on the action of a 
convex lens in forming a real image of a distant object. This 
end can be attained by the use of either a single lens or a com- 
bination of lenses. A more complete study of the action of a 
lens would reveal various defects ; thus the images which have 
been hitherto considered are formed by rays which traverse 
the lens directly ; in a photographic camera much of the light 
falls very obliquely on the lens and the image produced by a 
single lens would be far from perfect. Moreover, as is ex- 
plained in Chapter IX., owing to dispersion the images formed 
would be coloured at their edges. These and other defects 
ai^ more or less completely remedied by the use of a combina- 
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tion of lenses, and the optical parts, of the Camera or the Magic 
Lantern are therefore less simple than those shewn in the 
figures. 

88. The eye. The eye is practically a photographic 
camera. A combination of lenses forms an inverted image 
of external objects on the retina, a network of nerves at 
the back of the eye. These nerves convey the sensation 
of sight to the brain. 

The eye is nearly spherical in form and is surrounded, 
except in front, by an opaque homy coat called the sclerotica. 
In front the outer coat is transparent and protrudes somewhat 
beyond the spherical surface of the rest This protuberant 
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Fig. 106. 

portion, fig. 106, is called the cornea and has a radius of about 
8 mm. The axis of the eye is a line through its centre and 
the centre of the cornea; the eye is nearly symmetrical 
about this line. 

Within the sclerotic coat is a second opaque coat called 
the choroides, which has a circular aperture, called the pupU^ 
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behind the cornea. The size of this aperture can be varied so 
as to change the amount of light admitted to the interior of 
the eye. The portion of the choroides which is visible through 
the cornea is variously coloured in different eyes, and is called 
the iris. The back of the eye is covered with a black sub- 
stance called the pigmentum nigrum. Behind the pupil is the 
crystalline lens, a double convex lens with its axis coincident with 
that of the eye. The radii of its first and second surfaces are 
about 10 mm. and 6 mm. respectively. The lens is attached to 
the choroid coat by the ciliary processes and the ciliary 
muscle, and by their aid the curvature of the surfaces of the 
lens can be varied, thus making it more or less convex at will. 

The interior of the eye within the choroid coat is covered 
by a semi-transparent membrane of nerve-fibres resulting from 
the spreading out of the terminal fibres of the optic nerve. 
This is the retina. In the centre of the retina is a round 
yellowish spot known as the yellow spot, or ''macula lutea." 
Vision is most distinct when the image of an object looked at 
is formed on the yellow spot. About 2*5 mm. to the inner 
side of the yellow spot is the blind spot, from which the fibres 
of the optic nerve diverge to form the retina. This portion 
is so named because it is insensitive to light; an image formed on 
it does not produce vision. The space between the crystalline 
lens and the cornea is filled with a watery fluid called the aqueous 
hvmou/r, between the crystalline lens and the retina is another 
fluid called the vitreous hwmour. The refractive indices of 
these fluids differ little from that of water; Listing gives them as 
about 1*34. The crystalline lens has a refractive index rather 
greater than that of water, its value is about 1*45. 

According to Listing the axis of the normal eye has a 
length of 21 mm., the distance between the cornea and the 
front surface of the lens being 4 mm., the thickness of the lens 
4 mm., and the distance between the posterior surface of the 
lens, and the retina 13 mm. 

In such an eye the first principal focus lies 12*8 mm. in front 
of the cornea ; rays diverging from this point will be parallel 
when they reach the retina. The second principal focus lies 
14*6 mm. behind the posterior surface of the lens; parallel 



144 LIGHT. [CH. VII 

rays, falling on the cornea, converge after entering the vitreous 
humour to this point, which it will be observed is very slightly 
behind the retina. 

The normal eye acts very much as though it were a convex 
lens, having its centre about *5 mm. in front of the posterior 
surface of the crystalline lens, with a focal length of 14*6 mm. 




Fig. 107. 

When an object at some little distance is viewed an inverted 
image is formed on the retina. This is shewn in a diagram- 
matic manner in fig. 107. 

Thus, in the case of such an eye, an object at a considerable 
distance would be focussed as a sharp inverted image on the 
retina, and the impression of vision conveyed to the brain 
would be distinct. 

It is generally supposed, in explaining the optics of vision, 
that, for a normal eye at rest, the principal focus is on the 
retina, so that an infinitely distant object could be seen 
distinctly. If the surfaces of the refracting media of which 
the eye is composed were rigid, distinct vision would only be 
possible for this one position of the object; as the object 
moved nearer to the eye the image would move further from 
the lens, i.e. behind the retina and the impression on the 
retina would be blurred and indistinct. But experience 
shews that there is a wide range of distance through 
which distinct vision is possible. This is secured by changes 
in the curvature of the refracting surfaces of the eye. These 
changes are known under the term accommodation. Thus 
the normal eye becomes accommodated for near objects, 
through the crystalline lens being made more convex. Both 
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surfaces of the lens become more curved, but the change is 
greatest in the anterior surface, whose radius alters from some 
10 mm. to about 6 mm. when the eye is adjusted to view a near 
object, while the radius of the posterior surface may change 
from 6 mm. to 5 '5 mm. An experiment shewing these changes 
is described in Section 89, Experiment (23). 

These various curvatareB are measured by an InBtniment called an 
ophthabnometer. This depends for its action on the fact that, if light 
from an object of known size at a given distance from a surface be 
reflected from tbe surface, and if the size of the image can be measured, 
the curvature of the surface can be calculated. The ophthalmometer 
enables us to measure the size of any inaccessible small object, and in 
particular of the images of a distant object formed by the surfaces of the 
eye. 

Its action is illustrated by the following experiment. Focus a small 
telescope on an object at a little distance. Cover, half the object glass of 
the telescope with a plate of thick glass ; so long as the glass is perpen- 
dicular to the axis of the telescope a single image is seen ; tilt the glass a 
little from this normal position, a second image of the same size as the 
first appears. The rays from the object fall obliquely on the glass, and 
emerge parallel to their original directions, but displaced slightly to one 
side. The amount of this displacement can be calculated if the thickness 
and refractive index of the glass plate and the angle of incidence on the 
glass be known. 

Botate the glass until the image is displaced through its own length, 
80 that opposite ends of the two images coincide. By measuring the 
angle through which the glass is rotated, the lateral displacement can be 
found, and tiiis lateral displacement is the size of the image. From this 
the curvature of the reflecting surface can be calculated. In the ophthal- 
mometer two glass plates are used, covering the two halves of the 
telescope lens. These are turned in opposite directions, and the observed 
lateral displacement is thus half due to each glass. 

89. Experiments on the eye and vision. For 

these a long rectangular glass trough is useful; one end of the 
trough is convex outwards. It may consist of a large glass 
capsule such as is sometimes used in chemical laboratories, 
cemented into a suitable frame and forming the end. This 
convex glass represents the cornea in the eye. Within the 
trough is a ground glass screen which can be made to slide 
backwards and forwards, and represents the retina. In front 
of the screen hangs a convex lens of glass which can also slide 
backwards and forwards ; this represents the crystalline lens. 
The trough is filled with water containing a little eosine, 

G. L. 10 
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to represent the aqueous and vitreous humours. Place at 
some little distance in front of the artificial eye a sharply de- 
fined luminous object such as an illuminated hole in a metal 
sheet. The rays are refracted on entering the convex glass 
surface, and again when traversing the lens. By suitably 
adjusting the lens and screen, an image of the source can be 
formed on the latter, which represents the retina ; the eye is 
then focussed for the luminous object, and the path of the rays 
can be traced through the fluorescent liquid. 

It can be shewn in various ways that the image is in- 
verted. Thus use as the object a triangular hole with its vertex 
downwards : the image is a triangle with its vertex upwards. 

Now move the source further from the eye ; the image is 
formed nearer to the lens than previously; on the screen there 
is only a blurred patch. The distinct image may be brought 
on to the screen again, either (1) by moving the screen nearer 
to the lens, thus shortening the eye, or (2) by moving the 
lens nearer to the screen, or (3) by modifying the shape of the 
lens, making it thinner and therefore less convex. Observa- 
tion tells us (see Experiment 23) that it is this last plan which 
is adopted in Nature. In our experiment we can imitate it 
by changing the lens for a thinner one. 

If we had moved the light from its original position nearer 
to the eye, we should have found the opposite effects to those 
just described. The image would be formed behind the 
screen, the eye needs lengthening or the lens must be replaced 
by a more convex one. Thus the process of accommodation is 
illustrated. In the normal eye the lens is adapted for vision of 
a point at infinity ; accommodation is attained by thickening 
the lens. 

The following experiments illustrate the same points. 

Experiment (21). To prove that images formed on the 
retina are inverted. 

Take a piece of cardboard with three pinholes bored in it 
so as to make an equilateral triangle smaller than the pupil of 
the eye. Hold the cardboard so that the triangle shall have 
its vertex uppermost and shall be as near as possible to and 
opposite the pupil. Let light fall on these holes through a 



89] OPTICAL INSTRUMENTS, THE EYE; VISION. 147 

pinhole in another piece of cardboard held just in front of 
them at a distance of about an inch. It is clear that in this 
case there will be three patches of light on the retina forming 
a triangle of which the vertex is uppermost. The impression 
received however is that of such a triangle with the vertex 
undermost. This proves that the brain considers as the lowest 
part of any object that part which gives rise to the highest part 
of the image on the retina. The inverted image formed by the 
lens on the retina is reinverted by the brain. 

ExPEBiHENT (22). To prove the existence of the blind spot 

A piece of paper is taken with a cross and a black circle 
marked upon it about 10 cm. apart. It is held with the line 
joining these marks horizontal so that the cross is opposite to 
the right eye and the circle is to the left of the cross. 

The right eye is then closed and the paper moved back- 
wards and forwards, the left eye being kept fixed on the cross. 
It will then be found that in a particular position of the 
paper the circle becomes invisible, but that it reappears if the 
paper is brought nearer or taken further off. In the particu- 
lar position found that part of the left retina upon which the 
image is formed cannot be sensitive to light and is called the 
blind spot. It is the point at which the optic nerve enters 
the eye. 

The experiment may also be performed with the right eye 
open, the cross in this case being held opposite to the closed 
left eye. 

Experiment (23). To illustrate the process of accommodor 
turn in the eye. 

A convex lens is placed in a holder, a luminous object, 
such as a candle, is placed in front of it and at a considerable 
distance, and a white screen is placed behind so that the 
image of the candle falls upon it. The lens ' and screen may 
be taken to represent the crystalline lens and retina of the 
eye, and we then have an illustration of the manner in which 
a distant object is seen. Now if the candle is moved up 
nearer to the lens, say to a distance of a foot from it, a 
distinct image will no longer appear on the screen, but in 
order to obtain it a lens with more curved surfaces must be 
substituted. 

10—2 
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This is exactly what takes place in the eye, the crystalline 
lens becomes more convex as the object looked at moves 
nearer, and so within certain limits of distance a distinct 
image is always formed on the retina. 

If the lenses used in this experiment be put up side by 
side and a candle be placed some little distance in front of them 
we can by looking at them from the front see in each case two 
images of the candle formed by reflexion at the two surfaces of 
the lens respectively. Since the front surface forms a convex 
and the back a concave mirror, and the object is beyond the 
centre of the latter, both images will be diminished, that 
formed at the front surface will be erect, and that formed at 
the back surface will be inverted. The images formed by the 
more curved surfaces will be the smaller, as they should be from 
the theory of spherical mirrors. 

If a taper is held in front of an eye which is looking at a 
distant object an image of the taper formed by reflexion at 
the cornea will be seen, and also a pair of images formed by 
reflexion at the surfaces of the crystalline lens as in the above 
experiment. If the eye be now employed to view a near 
object the images formed by the cornea and the back surface 
of the lens do not change appreciably, shewing that these 
surfaces do not change in curvature, but the image formed 
by the front surface of the lens gets smaller, shewing that 
this surface becomes more curved. 

90. Defects of Vision. The most prominent defects 
of vision are (a) Short-Sight, (b) Long-Sight^ (c) AatignuUism, 

(a) Short-Sight or Myopia. An eye which is short- 
sighted cannot see distant objects distinctly. The eye-ball is 
too long for the lens, having usually become elongated from 
one or other of various causes. When the lens is in its normal 
state, i.e. as thin as possible, the rays from a distant object 
are brought to a focus in front of the retina. The eye, 
since the ball cannot be shortened, needs a less powerful 
lens. As the object is moved nearer to the eye, the 
image moves further from the lens, approaching the retina 
until a position is reached in which it is formed on the retina ; 
for this distance vision will be distinct. As the object 
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approaches still nearer, accommodation is needed and the lens 
is thickened ; thus for some way within this distance vision is 
distinct. 

Since in short-sight the crystalline lens is too thick for the 
length of the eye, the defect can be remedied by placing 
before the eye a concave lens of suitable focal length ; such a 
lens counteracts the excessive refraction of the eye itself and 
renders vision at greater distances possible. 

{b) Long-Sight or Hypermetropia, An eye which is 
long-sighted cannot see near objects distinctly. The eye-ball 
is too short, so that with the accommodation relaxed the focus 
is beyond the retina. The eye described in Section 88 is slightly 
long-sighted, the focus is 1*6 mm. behind the retina. More or 
less accommodation is needed to see distant objects distinctly. 
Convergent rays would be required to produce vision when the 
eye is in its normal state. As the object approaches the eye, 
the accommodation required for vision increases, and in a 
long-sighted eye even at a considerable distance, the necessary 
accommodation is more than the eye admits of. The lens 
cannot be made sufficiently thick to focus near objects on the 
retina: for this purpose the assistance of a convex lens is 
needed. 

Thus Long-Sight is remedied by the use of convex spec- 
tacles. 

(c) Astigmatism. In the preceding explanation it has 
been assumed that the eye is symmetrical about its axis, so that 
any section through the axis is equally curved, thus the focal 
lengths of all such sections are the same. Hence, if the eye 
is adjusted to see distinctly a horizontal line, a vertical or 
oblique line at the same distance will be equally distinct. In 
some eyes this is not the case ; on looking at a sheet of paper 
on which a number of vertical and horizontal lines are drawn, 
the vertical lines may appear distinct, while the horizontal are 
blurred, and vice versa. This defect is called Astigmatism. 
It arises from an inequality of curvature of the vertical and 
horizontal sections of the eye; in general the cornea is the 
principal seat of this want of symmetry, a vertical section 
in an astigmatic eye being usually more curved than a hori- 
zontal one. The defect, if in other respects the sight is 
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normal, may be remedied by the use of a cylindrical lens ; if 
such a lens be employed, its axis being vertical, the curvature 
of a horizontal section of the lens makes up for the defective 
curvature of the horizontal section of the cornea, and the foci 
for the vertical and horizontal portions of the object coincide. 

91. EzpeiimenU to illustrate defects of vision 
and their remedies. 

(a) Short-Sight. The rectangular trough already described 
in Section 89 will be of use for these experiments. Arrange the 
trough as for the experiments in that section, but place the 
screen — the retina — at a greater distance from the lens than the 
image of the luminous source. This corresponds to the short- 
sighted eye ; the lens is too powerful for the length of the eye, 
or the eye is too long for the lens. Place in front of the 
convex transparent end of the trough — ^the cornea — a concave 
lens ; the image is thrown back towards the screen and may 
by a suitable choice of a lens be accurately focussed on to the 
screen. Short-sight is corrected by the aid of a concave lens. 
Short-sighted individuals wear concave spectacles. 

(b) Long-Sight. Arrange the trough as before, but adjust 
it so that the image formed by the lens is behind the screen. 
The eye is long-sighted; its length is too short for the lens, 
which is not sufficiently convex. Place before the cornea a 
convex lensj the image is brought nearer to the crystalline 
lens, and by a suitable choice may be made to fall on the 
screen. Long-sight is corrected by the aid of a convex lens. 
Long-sighted individuals wear convex spectacles. 

(c) Astigmatism. This can be imitated by introducing 
behind the cornea a cylindrical lens of long focus, the axis of 
the cylinder being horizontal Refraction through it com- 
bined with refraction at the cornea will produce the same 
effect as though the cornea were not spherical, but of rather 
greater curvature in a vertical plane than in a horizontal. 
Take as source of light a slit in a sheet of card or metal in the 
form of a cross and place it with one arm horizontal and the 
other vertical. Adjust the screen so that the horizontal arm 
may be in focus. It will be found that the vertical arm of the 
image appears blurred ; to focus it the screen must be moved 
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further back, and when it is in focus the horizontal arm is 
not. 

To correct the defect place a cylindrical lens, the axis of 
the cylinder being vertical, before the cornea; by a proper 
choice of this lens it will be possible to bring both arms into 
focus together. 

The following experiments illustrate the same points. 

Experiment (24). To illustrate the action of lenses in 
remedying short or long sight, 

(a) Take the more convex of the two lenses used in Ex- 
periment 23. Place a candle at some little distance, say 30 cm. 
from it, and arrange a screen so that an image of the candle 
may be formed on it. Move the candle considerably further 
away from the lens, the image is no longer distinct. The lens 
and screen represent a short-sighted eye which brings to a 
focus in front of the retina the rays of the distant candle. 
Place a concave lens in front of the powerful convex lens ; if 
the lens be suitably chosen, the image can be focussed on the 
screen ; distinct vision becomes possible. 

(6) Take the less powerful of the two convex lenses, and 
arrange it to form on the screen an image of the distant 
candle. Bring the candle near; the image is no longer distinct. 
It would, did not the screen intercept it, be formed behind 
the retina. The eye is long-sighted. Introduce a suitably 
chosen second convex lens between the candle and the eye, 
the image can then be focussed on to the retina. Convex 
spectacles remedy long-sight. 

For the first of these experiments a oonvex lens of 10 cm. and a 
conoave one of 80 cm. will be found usefol. The candle with these lenses 
should in the first case be at 80 cm. from the lens, and afterwards be 
moved to a considerable distance. 

For the second experiment use a convex lens 20 cm. in focal length. If 
the candle be moved from a long distance to one of about 60 cm. from this 
lens, it will be found that a second convex lens 80 cm. in length will 
produce the necessary compensation. 

"1^92. Binocular Viiion. When both eyes are used 
for vision, an image of the object looked at is formed on 
the retina of each. The axes of both eyes are directed 
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towards the object so that the images fall on corresponding 
parts of either retina. The impressions received from these 
two images are combined by the brain and a single object is 
seen. If the images do not fall on corresponding portions of 
the retina, the object is seen double. Thus look towards a 
window with a vertical bar Q (fig. 108) at some little distance, 




Fig. 108. 

and hold up an object P such as a pen-holder or pencil at some 
30 or 40 cm. from the face. Focus the eyes on the pencil, the 
axes CP, C'P respectively of both eyes point to it ; the window 
bar will appear double, because the two images are not formed 
on corresponding parts of the retina ; the image q' seen by the 
right eye is to the left of the yellow spot 7', that q seen by 
the left eye is to the right of the yellow spot Y, thus a 
double impression is conveyed to the brain. 

But the images of a solid object as formed on the retinas 
of the two eyes are not identical. Owing to the slight 
difference of position of the two eyes, the right eye can see 



92-93] OPTICAL INSTRUMENTS. THE EYE ; VISION. 153 

rather more of the right hand side of an object viewed than is 
visible to the left eye, and vice versa. It is by this means 
that the impression of solidity is conveyecf to the brain. This 
action is imitated in the stereoscope. The two pictures on a 
stereoscopic slide are not identical, they are taken from two 
positions differing very slightly. On the right hand side is a 
picture of the object as seen by the right eye, on the left a 
picture of the object as seen by the left eye. The lenses of 
the stereoscope are arranged so that the virtual magnified 
images of these two pictures are superposed ; the right eye sees 
the image as it would appear to a right eye placed at the 
centre of the lens of the camera when the photograph was 
taken ; the left eye sees, superposed on this, the picture as it 
presented itself to the left eye at the camera in the second 
position. The brain combines the two impressions and obtains 
from them the solid appearance wanting in either view 
separately. This is illustrated in fig. 109. If we look down 
on a truncated pyramid placed symmetrically with regard to 
the two eyes, the image formed by the right eye is as repre- 
sented by 7?, that formed by the left eye is represented by L. 
The two combined give us the impression of the solid object 
shewn at and we realize that the object is solid. 
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93. Least distance of distinct vision. A normal 
eye we have seen is one which can see distinctly objects at a 
considerable distance. As the object is brought nearer to the 
eye the lens thickens and the image is still focussed on the 
retina, the size of the image increases and detail in the object 
previously unnoticed becomes visible. This continues until 
the limit of accommodation is reached ; if the object be brought 
still nearer, the lens can no longer focus it, the image is 
blurred The least distance from the eye at which distinct 
vision can be obtained is known as the least distance of distinct 
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visum. For persons with normal vision this distance is from 
25 to 30 cm. For persons with short-sight the distance may 
be much less than this ; for long-sighted persons it is much 
greater. 

*94. Spectacles. We have seen that a short-sighted 
person requires a concave lens to produce distinct vision ; 
the focal length of the most suitable lens is obtained thus. 
Determine first by experiment the greatest distance from the 
eye at which distinct vision is possible, the position of the "far 
point" as it is called. Let it be cf cm. Then, if concave 
spectacles of dcm, focal length be used close to the eye, the 
image of an object at a great distance will be d cm. from the 
eye and will therefore just be distinctly visible, the image of a 
less distant object will be nearer to the eye than the principal 
focus of the spectacles and therefore also will be within the 
range of vision. Thus a lens having the distance of the 
far-point for its focal length will just correct the defect, one 
with a focal length slightly less than this will probably be 
best suited to the observer. 

The calculation of the focal length of the lens required for a 
long-sighted eye is rather more complex. For such an eye 
there is a point at some distance, d say, within which vision is 
impossible. The virtual image formed by the convex spec- 
tacles must be further away than this point. Now suppose we 
require to find a lens which will permit of vision up to a distance 
D say — comparable with the least distance of distinct vision 
for a normal eye — then the image of this object must be at a 
distance d from the lens, assuming the lens held close to the 
eye and the full accommodation used ; hence if its focal length 
be/ we have 

1 i^_ 1 
d'' 
1 

r 

If the object be at a somewhat greater distance from the 
eye than D the image formed will be further away than the 
near point, and vision will be possible ; if the object be at a 
considerably greater distance than D the lens may be too 
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strong ; the object may be outside its principal focus and the 
rays in consequence be convergent instead of only slightly 
divergent when reaching the eye. A person with long-sight 
would use different glasses for reading and for looking at 
pictures at some moderate distance from his eyes. 

Thus suppose the near point be at a distance of 2 metres, 
and that a lens is required which will produce distinct vision 
of an object at a distance of 25 cm., we have 

1_ J_ 1 7 

/ ~ 25 "■ 200 " 200 ' 
.•./=28-5cm. 

Such a lens however would need that the observer should 
use his whole accommodation. The range within which it 
would be useful would depend on the state of the eye when 
the accommodation was entirely relaxed; it might be that 
vision for long distances was nearly normal and that no accom- 
modation was needed, the long-sight being due to defective 
accommodation at short distances, or it might be that even at 
the longest distances accommodation was required, so that with 
the lens entirely relaxed a convergent pencil would be needed 
to produce vision. This point would require further investiga- 
tion for its elucidation; the simplest test is to try if the vision 
of a distant object is improved by weak convex glasses ; if this 
is so, the latter alternative is the true one. 



CHAPTER VIII. 



AIDS TO VISION. 



95. The Simple Microicope. We have seen already 
in Section 77 that a convex lens produces a virtual enlarged 
image of an object placed closer to it than its principal focus 




Fig. 110. 

and that an eye placed behind the lens sees this image. The 
lens so used constitutes a simple microscope or magnifying 
glass and the path of the light through it is shewn in fig. 110. 

The apparent size of an object depends on the angle which 
it subtends at the eye ; as the object is brought nearer to the 
eye this angle increases and with it the apparent size of the 
object. The nearer an object is, the larger it will appear ; but 
this method of securing magnification, by bringing the object 
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near to the eye, can only be employed up to a certain limiting 
distance ; if the object be nearer the eye than its least distance 
of distinct vision, the eye cannot focus it ; the impression on 
the retina is large but too indistinct to be seen clearly. 

When an object is viewed through a magnifying glass held 
close to the eye the image and the object subtend practically 
equal angles at the eye ; if it were possible to see the object in 
its actual position without the glass it would appear of the same 
size as when viewed through the glass, but ajb this small dis- 
tance it cannot be seen clearly; it is within the least distance of 
distinct vision. The effect of the glass, practically, is to remove 
it to beyond the least distance of distinct vision and at the 
same time to retain undiminished the angle it subtends at the 
eye, or what is the same, the actual size of the image formed on 
the retina. Thus in determining the magnifying power of a 
microscope^ we mv^t compare the angle which the ima^e seen 
subtends aJt the eye with the angle which the object wotUd subtend 
at the eye if it were pktced at the least distance of distinct 
vision. This last angle is the largest which the object could 
subtend under the condition of distinct vision. 

In calculating the magnifying power it is usual to suppose 
that the image formed by the lens is at the least distance of 
distinct vision from the eye, so that Aq in fig. 110 is equal 
to D. 

We have thus to compare the angle subtended by pq with 
that which would be subtended by PQ if it were at the 
distance i), that is if it were at the same distance as pq. 
These angles, supposing both to be small, are in the ratio of pq 
to FQ. 

Hence the magnification, as thus defined, is measured as 
before by the ratio of the size of the image to that of the 
object, when the image is at the least distance of distinct 
vision. 

Let AQ the distance of the object be u, and let the focal 
length of the convex lens hef then 

J^_^l I 

D u" /• 
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Hence ^=-^-,-=_^, 

J XI. -ij X- pq D D-^-f ^ D 

and the magnification «. ^^ ■ -. = — ^r^ = 1 + -^ . 
"v ^ / / 

The above considerations enable us to solve various problems 
relating to vision through a lens. 

BsuaVlM- (1) The least distance of distinct vision is 25 em,, find 
the magnification when using a lens of 2*5 em. focal length. 

Here I>=26. /=2-6. 

Thus m= 1+11=11. 

(2) What must he the focal length of a lens which will produce a 
magnification of 5 when used by an eye, for which I>ss25 em. t 

We have 5=1 + y* 

Thus /=a^=6-26cm. 

The above considerations only apply when the lens is held close to the 
eye, if it be held at some distance from it a figure will shew that the object 
and image subtend different angles at the eye ; the calculations become a 
little more complex. Thus 

(8) Find the magnification produced by a lens of focal length f, when 
held at a distance a from the eye. 

The angle subtended by the image is |>9/(a+v), that subtended by 
the object when at the least distance of distinct vision is PQjD. 

pq D V D 

Hence w»= ^ = , 

PQ a + v u a+v 

_v+f D _ D h+.f\ 
f ' a + v f \v+aj' 

If as above we suppose the image to be at the least distance of 
distinct vision, then 

t7 + a=D, v=D-a, 

Again suppose the object is at a given distance 5 from the eye, find 
the magnification produced by a lens of focal length / at a distance a 
from the eye. As above 

mx=- — = — -i— 
u a + v u ^ a, 

V 
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V u f uf ^ 

m=- 1 Df 

u a(f-u ) f(a + u)'au' 

uf 
But a+u=b. 

■ — ^f 

6/ - o (6 - a) 

96. Simple Microicope Lenses. The simple micro- 
scope has been described as though it consisted of a single 
convex lens; in some cases combinations of two convex lenses 
are employed, the deviation of the rays necessary to give 
the magnification is divided between the two. Wollaston's 
doublet is arranged thus. 

A sphere of glass or other refracting substance may also be 
used. In this case it is desirable to restrict the pencils to 
those which pass approximately through the centre of the 
sphera This can be done by cutting a deep groove in the 
sphere, and filling it up with some opaque material. Codding- 
ton's lens is an arrangement of this kind. 

97. Telescopes. We have seen how a magnified 
image of a near object may be obtained by the aid of a 
convex lens of short focus j the method is clearly inapplicable 
to distant objects. There are, however, various arrangements 
of apparatus by which magnified images of distant objects 
can be produced These may be classed together as telescopes. 

Thus take a convex lens of somewhat long focal length and 
arrange it to produce on a translucent screen a real image of a 
distant object. The image will be a diminished one, that is, its 
actual size will be less than that of the object. Its apparent size 
as viewed by the eye will depend on the focal length of the 
lens ; the size of the image formed on the retina may be greater 
or less than that formed by the object when viewed directly, 
the ratio of the two being that of the focal length of the lens 
to the least distance of distinct vision. Thus if the image of 
the moon be formed by a lens 100 cm. in focal length, and 
viewed from a distance of say 25 cm., the linear dimensions of 
the image on the retina will be four times as great as those of 
the image formed when the moon is looked at directly. 
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But the image formed on the screen may by the aid of a 
second convex lens of short focus be again magnified. 

Place such a lens behind the screen so that the light after 
traversing the translucent screen may fall on it, and adjust the 
lens to give a distinct virtual magnified image of the image on the 
screen. The convex lens will for a normal eye be at a distance 
from the screen rather less than its focal length, and the 
virtual image formed will be at a considerable distance from 
the lens. Suppose this lens magnifies the apparent size of the 
image 5 fold ; the image on the screen already appears to the 
eye 4 times as great as the object. Thus when viewed through 
the second convex lens the object is magnified 5x4 or 20 
times. But the screen is not essential, the real image is 
formed by the lens whether it be there or not ; the screen only 
obstructs some of the light ; remove it, on looking through the 
convex lens we see a virtual inverted and magnified image of 
the distant object ; we have an Astronomical Telescope. 

The same end can be attained by various other methods. 
Thus in a reflecting telescope we obtain, by means of a concave 
mirror, a real image of a distant object and then magnify that 
image with a convex lens or combination of lenses. 

In describing the action of a telescope, it is usually 
supposed that the object viewed is infinitely distant, and that 
the apparatus is in adjustment for a normal eye. Thus the 
real image formed by the first lens or mirror is formed at its 
principal focus, while the second lens is adjusted so that this 
image is at its principal focus ; thus the rays from any point of 
this image emerge from the second lens as a parallel pencil 
capable of giving distinct vision to a normal eye. In reality 
most people will push the second lens — the eye-piece — rather 
nearer to the image than this involves, so that the light may 
emerge from it as a slightly divergent pencil. 

98. To describe the ABtronomical Teleicope 
and to trace a pencil of rays through it firom a 
diitant object to a normal eye. The astronomical 
telescope consists of two convex lenses mounted so as to have 
a common axis. The first lens, called the object glass, is of 
considerable focal length and forms at its principal focus a 
real inverted image of the distant object, the second lens or 
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eyepiece magnifies this image and for a normal eye is placed at 
the distance of its own focal length away from the image. 
Thus in fig. Ill let BAC be the object glass, hoc the eyepiece. 




Fig. 111. 

Consider a pencil of rays coming from a point P on a distant 
object PQ, The object is so distant that the rays from P falling 
on the object glass may be treated as parallel to the line PA. 
The object glass forms an image of P at ^ on the line PA 
produced, and jpg a real image of the object PQ is thus produced. 
Moreover since Q is infinitely distant from A, q will be 
at the principal focus of the object glass and AQ will be its 
focal length (F say). The rays diverging from p now fall on 
the eyepiece ccbb and since q is the principal focus of the 
eyepiece they emerge from it as a parallel pencil. Join op and 
let aq=f. The emergent rays will be parallel to op, and 
an eye situated close to the eyepiece will see in the direction 
ap produced a magnified image of P, Hays from any other 
point of PQ are similarly refracted and a virtual magnified 
image is 8een\ Since jet^ is an inverted image, this image is 
inverted. 

The angle which the image viewed subtends at the eye is 
paq^ the angle which the object would subtend at the eye is 
practically &e same as that which it subtends at the centre of 
the object glass or PAQ. But PAQ is equal to pAq, thus the 
magnifying power is poqjpAq. Kow when an angle is not 
large, it is measured approximately by its tangent ; thus 

paq = pqjaq, pAq^ hIM- 

^ In this figure and those which follow, the size of the eyepiece is 
greatly exaggerated in proportion to that of the object glass. This is 
necessary in order to secure clearness in the figure. 

G. L. 11 
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_ paq pq Aq Aq F 

Hence m=^--r- = ^-^ x — ^ = -^ = -^. 

pAq aq pq aq f 

Since the rays which emerge from the eyepiece have all to 
enter the pupil of the eye it is clearly unnecessary for the eye- 
piece lens to be large; if its aperture be a little greater than 
that of the pupil, say some 8 mm., it will be sufficient 

The size of the object glass affects the amount of light 
concentrated into the image and hence its brightness when 
magnified. It is clear that if we block out a portion of the object 
glass in figure 111, the remaining portion will form an image 
at pq all the same, this image will however be less bright ; we 
might without affecting the magnification substitute for the 
object glass a smaller lens of the same focal length. It can be 
shewn however that the power which the t^escope has of 
separating two small objects which are close together at a 
great distance is increased by increasing the size of the object 
glass. 

In an actual telescope the object glass consists of two 
lenses, one a convex lens of crown glass, the other a concave 
lens of flint glass, placed close together and equivalent to a 
convex lens of considerable focal length. By this means 
chromatic aberration (see § 114) is corrected. The eyepiece 
also usually contains two lenses, since by this means a more 
perfect magnified image can be produced ^ 

The image formed in the Astronomical Telescope is in- 
verted ; by means of suitable lenses placed in the eyepiece it 
can be reinverted. The eyepiece then is an erecting eye- 
piece. 

99. Oulileo'f Telescope. We have already seen 
that if a converging pencil of rays falls on a concave lens, a 
virtual image may be formed by the lens and distinct vision 
may be obtained by an eye placed behind it. 

This is made use of in Galileo's Telescope (Fig. 112). This 
consists of a convex lens of long focal length forming an object 
glass and a concave lens of small focal length on the same axis. 

^ For an aoooont of these see Glazebrook, PhyHeal Opties, Text-books 
of Soienoe Series, Chapter IV. 
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The rays from any point P of the distant object FQ fall as a 
parallel pencil on the object glass BAG and are refracted by it 
towards a point p on PA produced, at a distance from the 
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object glass equal to its focal* length. But before reaching 'p 
they are intercepted by the concave lens 6ac, which forms the 
eyepiece, placed in such a position that aq is its focal 
length. The rays therefore emerge from the lens as a parallel 
pencil parallel to ap and capable of producing normal vision 
in an eye placed to receive them. The image seen is magnified 
and erect. This arrangement of lenses is used in opera and 
field glasses, which consist of two such telescopes, one for each 
eye. Its magnification is, it may be shewn, measured by the 
ratio of the focal length of the object glass to that of the 
eyepiece. Since the distance between the lenses is the difter- 
ence between their focal lengths instead of as in the 
Astronomical telescope their sum, the length of a Galilean 
telescope is shorter than that of an Astronomical telescope of 
the same magnifying power and having a lens of the same 
focal length for its object glass. 

"1^100. Reflecting Telescopes. Two forms of re- 
flecting telescopes are shewn in figs. 113 and 114. In both 
an image is formed by a concave mirror and magnified by a 
convex eyepiece. The eyepiece has to be arranged in such a 
manner that the observer's head when looking through it does 
not intercept any of the incident light 

In figure 113 which represents a Newtonian telescope, a 
small plane mirror DE or total reflexion prism is placed 

11—2 
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between the concave mirror BAG and its principal focus. 



mmtmrnmsmsmsMmh^Mmmm^i^smsimmmi 



-f^^^^'^'^^^^[^^^^^^^ ^, ,^,_ , ^^ 




Fig. 113. 

This mirror is inclined at 45'' to the axis of the large mirror. 

Parallel rays from a point P at a considerable distance are 
reflected by the concave mirror towards an image 'p at its 
principal focus. Before reaching 'p they fall on the plane mirror 
and are reflected by it to form a real image ^'y', the image 
in the plane mirror of pq. This image ^ Y is at the principal 
focus of a convex lens hoc. After traversing this lens the 
rays emerge as a parallel pencil, parallel to a/p^ and a normal 
eye, on which they fall, sees a magnified image of P in the 
direction a/p. 

Fig. 114 represents Herschel's telescope. In it the axis of 




Fig. 114. 
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the convex mirror is slightly oblique to that of the tube in 
which it is placed. Thus rays incident parallel to the axis of 
the tube are reflected somewhat obliquely. A real image of 
P is thus formed at p and an eyepiece can be placed to view 
this image without interfering with the incident light. 

101. The Compound MicroBCope. This is an 
arrangement of lenses for magnifying a small object very 
considerably. It is practically an astronomical telescope 
adapted to view near objects. An object glass BACy Fig. 115, 




Fig. 115. 

forms at pq a real inverted and magnified image of an object 
PQ, placed at a rather greater distance from the object glass 
than its focal length. The focal length of the object glass is 
smalL 

The rays diverging from p fall on a convex eyepiece 6ac, 
placed at the distance of its own focal length/ from pq ; they 
thus emerge parallel to op, and an eye placed behind the eye- 
piece sees a greatly magnified virtual image of PQ. 

The simple theory of lenses given in the preceding pages 
is not sufficient to explain completely the action of a modern 
microscope ; the object viewed is at a very short distance from 
the lens, hence the angle it subtends at the lens is considerable 
and the pencils are not by any means directly incident, 
moreover the thickness of the lens is comparable with its focal 
length, there is also chromatic aberration to be considered. 
Thus the object glass consists of a number of achromatic 
lenses, sometimes three, each composed of a convex lens of 
crown glass and a concave one of flint glass, placed in order 
and adjusted to give a well-defined magnified real image of 
the object. This is viewed with an eyepiece consisting usually 
of two lenses. 
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Fig. 116 shews an object AB, in front of such an object 
glass consisting of three pairs of lenses 1, 2, 3. 

AiBi is a virtual image ot AB formed by the lens 1, A^B^ a 
virtual image of A^Bi formed by the lens 2, A'B" is a real 




Fig. 116. 



image of A^^ formed by the lens 3. It is this real image 
which is viewed by the eyepiece. 

* 102. The Camera Lucida. This instrument shewn 
in section in fig. 117 consists of a four-sided prism, ABCD, of 




glass. The angle at il is a right angle and when in use the 
sides AB, AL are generally horizontal and vertical respectively, 
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the angles at B and D are ^V 30', so that the angle at C is 135*. 
When in use a ray from an object PQ at some little distance, 
travelling approximately in a horizontal direction, falls upon the 
vertical face ^Z> at R, The ray is totally reflected from the 
two oblique faces at S and Tand emerges in a vertical direction 
from. U on the horizontal face AB. An eye looking vertically 
down on this face sees a virtual image pq of the object PQ. 
The distance of this image from the prism is approximately 
the same as that of the object. A sheet of paper can be 
placed on the table below the camera and the height of the 
instrument can be adjusted until this virtual image appears to 
coincide with the paper. A stop is placed above the prism as in 
the figure, in such a position that its aperture is just bisected by 
the edge at B, The observer looks through the aperture of 
this stop and sees with one half of his eye the paper, and 
with the other half the image of the object PQ projected on 
the paper. He is thus able to draw on the paper with a 
pencil an exact representation of the object. The distance 
between the paper and the observer's eye should, for normal 
vision, be about 25 cm.; if it be not possible to place the 
object at about this distance, so as to project its image 
on to the paper, the same end may be attained by the use of a 
lens. 

If the object be very distant, a concave lens of about 
25 cm. focal length may be placed in &ont of the vertical face 
of the prism, a virtual image of the object is formed then at 
25 cm. from the prism and thus can be focussed along with the 
paper. In some cases it is preferable to put a convex lens of 
about the same focal length between the paper and the prism ; 
the paper is viewed through this lens and a virtual image at a 
great distance is thus seen. 

*XOZ, The Sextant. This is used for measuring the 
angular distance between two inaccessible points. 

In figure 118, BC is an are of a cirole of about 60' with A 
for its centre. This arc is graduated into degrees etc. Each 
single degree is marked as two, so that the 60 degrees are marked 
as 120. ADi^ B, moveable arm with an index and vernier. At 
il is a mirror which turns with the arm; the plane of the 
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mirror is parallel to the arm, so that the reading of the index 
gives the position of the mirror. At ^ is a second piece of 
flat glass, only one half of which is silvered. The plane of this 
glass is parallel to AB, so that when the arm 2> is at ^ and 
the circle reads zero, the two mirrors are parallel. A small 
telescope T is fixed to the arm AB and points towards the 
mirror E^ being so adjusted that its object glass is apparently 
half covered by the silvered portion of E and half by. the 
unsilvered. The direction of this telescope is such that the 




Fig. 118. 

line AE and its axis ET are equally inclined to the mirror E» 
Hence light incident along AE is reflected into the telescope. 
To use the instrument it is held in the left hand so that its 
plane is parallel to that through the two objects Q and P, and 
the telescope is pointed so as to view Q directly through the 
unsilvered portion of the flat glass. Light from F is reflected 
from the mirror A, By turning the arm AD, this reflected 
light can be made to fall on the mirror E and after a second 
reflexion there to enter the telescope, the observer can thus see 
both objects simultaneously, the one directly, the other by two 
reflexions at A and E, and the two images can thus be brought 
into coincidence. By the two reflexions the light has been 
deviated from the direction FA to the direction QE, Now 
when a ray is deviated by reflexion at two mirrors the angle 
between the directions of the ray before and after the two 
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reflexions is twice that between the mirrors. But the angle 
between the mirrors is given by the arc BD, Twice this 
arc then gives the angle between PA and QE^ i.e. since the 
objects are a long way off the angle which they subtend at 
the eye is twice the angle BAD, But the circle BDG is 
graduated so that each degree reads as two. Hence the 
reading on the circle gives the angle which the objects 
subtend at the eye. 

* 104. The Spectrometer. This instrument shewn in 
flg. 119 is used for the measurement of the angle and refractive 
index of a prism as described in Section 44. ABC is a 
graduated circle supported on a suitable vertical stand. An 
arm moving round this circle carries a telescope DE which 
points to the centre of the circle. The position of this arm 
can be read by a vernier attached to it. The weight of the 
telescope is balanced by a counterpoise hung on the other end 
of the arm and shewn at F, GH is a collimating telescope, 
this consists of a convex lens G mounted in a tube. The 
length of the tube is the focal length of the lens and at H 
there is a narrow vertical slit. This is illuminated from 




behind by a light and the rays diverging from the slit fall on 
the lens G, Since the slit is at the principal focus of the lens 
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the rays emerging from the lens are parallel. These parallel 
rays f aJl on the prism JT, placed at the centre of the circla To 
find the angle of the prism it is placed with its edge facing G 
so that the light falls on both faces. The telescope is then 
turned to receive the reflected beam, and adjusted until the 
image of the slit is seen coincident with a cross wire fixed in 
the centre of the field of view. The position of the telescope is 
read and it is then turned to view the image reflected from 
the second face, and the vernier again read. We know (§ 44) 
that the angle of the prism is half that turned through by the 
telescope. 

The prism is then turned so that the light falls on one face 
and is refracted through. The position of minimum deviation 
is found as in § 44, and the angle of minimum deviation 
obtained by viewing first the refracted image and then the 
direct image seen when the prism is removed and the telescope 
pointed directly to the collimator. The angle between these 
two positions is 7), and if t be the angle of the prism we 
have 

sin i (2> + 1) 
sin J % 

To obtain acoarate results with the sextant or the spectrometer a 
number of adjostments and precautions are necessaiy. For these see 
Glazebrook and Shaw, Praetieal Phyiics, Chapter XIY. 

'N'lOS. The OphthalmoBCOpe. Since in the case of a 
normal eye parallel rays are brought to a focus on the retina, 
it follows thiEit rays emanating from a point on the retina will 
emerge parallel They will therefore be in a condition to give 
distinct vision to another eye, if it be in a position to receive 
them, or, if they be allowed to fall on a convex lens, they will 
form at the principal focus of the lens an image of the retina. 
This can be viewed through another convex lens and mag- 
nified. 

In order, however, that light may emerge from the eye it 
is necessary to illuminate the retina. Moreover the illumi- 
nation must be so arranged that the observer does not himself 
interfere with the incident light. 
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This can be done with the aid of a mirror. A small circular 
portion of the silvering is scraped away from the centre and the 
observer looks through the transparent part thus formed into 
the patient's eye. The mirror is turned so as to reflect into 
the eye the light of a lamp placed in a convenient position 
and the retina is thus illuminated, some of the light scattered 
by the retina emerges as a parallel beam and passing through 
the transparent patch on the mirror produces vision in the 
observer's eye. Such an arrangement constitutes an ophthal- 
moscope. The observer's eye would see a magnified erect 
image of the retina and choroid coat of the patient's eye. 

It is desirable in some cases, however, to form a real image 
of the back of the patient's eye. This can be done by inserting 
a convex lens between the mirror and the eye. The parallel 
pencils emerging from any point on the retina are refracted 
and an image is formed at the distance of its principal focus 
from the lens. The observer's eye and therefore the mirror 
must be at some distance — the least distance of distinct 
vision — from this image in order that it may be viewed 
distinctly. 

The mirror is used to reflect the light into the patient's 
eye. It should therefore be of such a shape and size as to 
illuminate his retina as brilliantly as possible. For this 
purpose it is desirable that the whole of the lens which is of 
use should be uniformly illuminated. This is secured by 




Fig. 120. 
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arranging the mirror to form on the lens a real image of the 
source of light. Either therefore the mirror most be concave, 
or if a plane mirror is employed a convex lens must be 
introduced between the mirror and the source and adjusted to 
form an image of the source on the second lens through which 
the observer looks. 

Fig. 120 shews the arrangement when a concave mirror is 
used. L is the source of light, which may be an Argand 
burner, this is placed slightly to one side of the patient. 
The mirror M forms on the lens A an image of the lamp L \ 
The rays traverse the lens and after refraction at the eye 
converge to form an image of the lens A at B, This image, 
if the eye is normal would be behind the retina. The retina 
is diffusely illuminated and some of the light scattered from it 
emerges. The rays from any one point such as P emerge 
parallel, and after again traversing the lens A form at F 
an image of the point P. Thus an image of the retina is 
formed at FF\ This image is at the least distance of dis- 
tinct vision for an observer placed just behind 0, the central 
aperture in the mirror. Some of the rays from the central 
part of the image at F traverse the aperture and the 
observer can examine the image of the retina. By slightly 
shifting the position of the patient's eye or of the mirror 
different parts of his retina can be brought into view. 

Thus the image of P' on the retina is formed at F\ and 
if the mirror were shifted, keeping its centre fixed till it 
was brought to 0', the part of the eye about P' would be 
visible. 

If the patient be short-sighted the rays emerging from his 
eye will be convergent and the image formed by the lens A 
will be nearer to the lens than F\ if the eye be long-sighted 
the emergent rays will be divergent and the image formed by 
the lens will be further from it than P. The image formed 
can if desirable be further magnified by a convex lens of 
suitable focus placed between the observer's eye and the 
aperture 0. 

^ This condition, it can be shewn, is not a necessary one, bat the 
illumination of the eye will be most brilliant if it be fulfilled. 
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In the figure the dotted lines indicate the path of the rays 
from the lamp to the centre of the lens A. These illuminate 
the central portion of the retina. Other rays not shewn fall 
on other parts of the lens and reach other portions of the 
retina. 

Fig. 121 shews the path of the rays when the first method of 
using the ophthalmoscope is employed. The concave mirror M 
is used to throw a pencil of convergent rays into the observer's 
eye. These rays are brought to a focus in front of the retina 




Fig. 121. 

and therefore illuminate it diffusely. If the eye be normal, 
the diffused light from each point of the retina emerges as a 
parallel pencil, and an eye looking through 0, the aperture 
of the mirror if, sees a magnified and erect image of the 
retina. 

If the patient's eye be short-sighted the emergent rays will 
be convergent instead of parallel, the observer if of normal 
vision will require to place a concave lens behind the aperture 
in order to obtain clear vision, and this concave lens will have 
the focal length proper to correct the defective vision of the 
patient 

Similarly, if the patient be long-sighted, the rays will be 
divergent when they reach the aperture; the observer will 
need a convex lens which will be of the focal length proper to 
correct the long-sight of the patient. 
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106. Ezperimentt on Vision through Lenses. 

ExPEBiMEKT (25). To o/rrcmge two lenses to form a tele- 
scope. 

Take a convex lens some 30 or 40 cm. in focal length and set 
it up in a stand so as to form a real image of a distant object. 
The bars of a window at the far side of the room or a scale 
with plainly marked divisions will be suitable. Find the 
position of the image on a sheet of oiled paper or other 
translucent material. Take a second convex lens of smaller 
focal length, such as 5 or 6 centimetres, and arrange it behind 
the image formed by the first lens in such a way that the axis 
of the two may be coincident^ and the distance between the 
image and the second lens may be rather less than its own 
focal length. On looking through the second lens, after 
removing the paper on which the image was formed, a more or 
less well-defined inverted image of the scale is seen. Vary the 
distance between the two lenses until the image is distinctly 
visible. The two lenses now form an astronomical telescope. 
To construct a Galileo's telescope remove the convex eyepiece 
and take a concave lens of about the same focal length. Place 
it between the large convex lens and the image, at the distance 
of its own focal length from the image. On looking through 
it a magnified image of the scale is visible and can be f ocussed 
by adjusting the distance between the two lenses. The two 
lenses constitute a Galileo's telescope. The image seen is 
erect. 

Experiment (26). To ammge two lenses to form a micro- 
scope. 

Take a convex lens of some 4 or 5 cm. focal length. Place 
it in front of an object such as a piece of paper or card with 
some pencil lines or other distinct marks on it. Adjust the 
distance between the lens and the card so that a real image 
magnified some 8 or 10 times may be formed on a piece of 
oiled paper or other translucent material placed to receive it. 
Place a second convex lens behind this image so as to magnify 
it, remove the paper on which the image is formed and focus 
the marks on the paper by adjusting the second lens. 

Experiment (27). To find the mollifying power of a 
telescope. 
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Turn the telescope to view some well-defined distant object 
which is divided into a series of equal parts, such as the slates 
on a distant roof*. 

Look at the roof with one eye directly and with the other 
through the telescope. Two images will be seen, a small one 
with the unaided eye and a magnified one through the 
telescope. It is possible with a little practice to focus the 
telescope, so that one of these two may appear exactly to cover 
the other. It will then be clear that the image of a single 
division as seen through the telescope appears to cover a 
number of divisions seen directly. Count the number of 
divisions apparently covered by a single magnified division, or 
rather, count the number covered by four or five magnified 
divisions and divide by the 4 or 5 as the case may be, the 
quotient will be the magnifying power of the telescope. 

Experiment (28). To find the magnifying potver of a lens 
or microscope. 

The principle of this is the same as that of the last 
experiment. 

Place a finely divided scale at about 25 centimetres from the 
eye below a lens or simple microscope. Place a second scale so 
as to be clearly visible through the lens. Look with one eye 
through the lens at the second scale and with the other at the 
first scale direct. By adjusting the lens or either of the scales 
the two images can be made to overlap and will not move 
relatively to each other on moving the eye about. 

Observe those divisions on the two scales which accurately 
coincide. Let x divisions of the magnified image exactly 
cover y divisions of the other scale, then by finding the ratio 
of the length of y divisions of the second scale to that of x of 
the firsts we determine the magnifying power of the lens. In 
making the observation the eye should be placed close up to 
the lens. 

The magnifying power of a compound microscope can be 
determined in the same way. 

^ In the Laboratoiy a large dearly marked scale which may stand in 
a vertical position against the wall is asefol for this purpose. 
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In the case of a lens, measure the distances of the two 
scales from the lens, and verify the law that the magnifying 
power is the ratio of these distances. 

The determination of the magnifying power can be made 
more easily with the aid of the Camera Lucida described in 
§ 102. Place the camera over the eyepiece of the microscope 
in such a way that the eye-lens is half covered by it. On 
looking through the microscope one half of the eye will receive 
light which has traversed the microscope, the other half light 
reflected in the prism of the camera. View one scale 
through the microscope, and adjust the other in a vertical 
position so that it can be seen through the camera. The two 
images are now seen by the same eye and can be made to 
overlap more readily than when both eyes are used. In per- 
forming this experiment attention must be paid to the illumi- 
nation of the two locales, the magnified scale will need a brighter 
illumination than the other, it is desirable also to cut off stray 
light from the reflexion in the camera. This is best done by 
placing a black background behind the reflected scale. 

In some cases a finely divided scale photographed or 
engraved on glass is placed in the tube of a microscope or 
telescope and viewed through the eyepiece which magnifies it. 
We can make use of such a scale for measuring purposes in 
the following way. View through the microscope a finely 
divided scale, divided say to tenths of millimetres. The image 
of this scale will be seen coincident with the micrometer scale. 
Let the number of divisions of the eyepiece scale which are 
covered by one division of the object scale be a. Each 
division of the object scale corresponds to l/a of one-tenth of 
a millimetre; clearly therefore if an object viewed through 
the microscope covers b divisions of the eyepiece scale its 
length is b/a tenths of a millimetre ^ 

^ For farther details see Glazebrook and Shaw, PraeticaX PhysieSf 
Chapter XIH. 
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EXAMPLES. 

THE EYE AND OPTICAL INSTRUMENTS. 

1. Describe the human eye considered as an optical instroment and 
shew how the defects of short and long sight can be remedied by the nse of 
lenses. What sort of a lens would you use for a short-sighted person who 
cannot see distinctly objects at a distance greater than 2 feet from his eye ? 

2. If the focal length of a convex lens be 2 inches, and the minimum 
distance of distinct vision for the eye looking through it be 10 inches, 
what is the magnifying power? 

3. Of two equally far-sighted persons, one has the habit of wearing 
his spectacles low doVn on his ndse, the other wears them close to his 
eyes. Which should have the stronger spectacles, the object being held 
at the same distance from the eye by both persons. 

4. Why ought a person totally immersed in water to wear convex 
spectacles in order to see distinctly? 

5. Explain the action of a lens when used as an eye-glass. A man 
who can see most distinctly at a distance of 5 inches from his eye wishes 
to read a notice at a distance of 15 feet off, what sort of spectacles must 
he use, and what must be their focal length? 

6. A pair of spectacles is made of two similar lenses, each having 
two convex surfaces of ten and twenty inches radius respectively, and a 
refractive index 1*5. A person looking through them finds that the 
nearest point to which he can focus is one foot away from the glasses. 
What is his nearest point of distinct vision without spectacles ? 

7. A man who can see distinctly at a distance of 1 foot finds that a 
certain lens when held close to his eye magnifies small objects 6 times, 
determine the focal length of the lens. 

8. Trace a pencil of rays from an object to the eye of an observer — 
(a) through a lens adapted for a short-sighted person; (h) through a 
simple microscope. 

9. Shew that a convex lens may be used to produce either a real 
image of a distant object or a virtual image of a near object. How are 
the two combined in the compound microscope ? 

The iocaX length of the object glass of a microscope is } an inch, 
that of the eye piece is 1 inch. Taking the least distance of distinct 
vision as 12 inches, find the distance between the object glass and the 
eye piece when the object viewed is | of an inch from the object glass. 

10. Explain with the aid of a diagram the principle of the compound 
microscope. From what data and how would you calculate its magni- 
fying power? 

11. The focal length of the object glass of a telescope is 2 feet and 
of the eye lens i an indi. Find the magnifying power when used to view 
an object at a cUstance of 10 feet from the object glass. 

12. Explain the action of that kind of telescope which is constructed 
with one concave and one convex lens. 

If in such a telescope the focal lengths of the two lenses are equal, 
what will be the effect of putting them quite dose together? 

G. L. 12 



CHAPTER IX. 

THE SPECTRUM. COLOUR, 

107. Ezperimenti with a prism. We have already 
seen that when a pencil of rays is refracted through a prism it 
is refracted or deviated from the edge towards the thicker 
portion of the prism. 

Experiment (29). To examine the dispersion of light pro- 
duced by a prism, 

(a) Look through a prism at the flame of a lamp or of an 
ordinary gas burner some two or three metres away, placing 
the flame so that it is turned edgeways to the eye. If the 
prism be placed before the right eye with its edge inwards, it 
will be necessary to look to the left to see the image of the 
flame, which will appear coloured. This coloured image of 
the flame is called a spectrum. The left side of the spectrum 
with the prism held as described will appear violet and the 
colours will pass in order through indigo, blue, green, yellow 
and orange to red. 

(6) Cut a narrow vertical slit 1 to 2 cm. long and 1 or 
2 mm. ID width in an opaque screen and place it in front of 
a lamp or gas flame in a darkened room. Turn the flame 
edgeways to the slit. Allow the light passing through the 
slit to fall on a white screen at some little distaiice. Place a 
prism in the path of the beam with its edge parallel to the 
slit. The light is deviated towards the thick end of the prism 
and on shifting the screen in this direction the narrow white 
patch which before was visible is seen to be drawn out into a 
long coloured band. Move the prism round so as to vary the 
angle of incidence, it will be found that the spectrum moves 
on the screen. Turn the prism in such a direction that the 
red end of the spectrum may move towards the position 
formerly occupied by the white patch of light. As the prism 
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is turned continuously in the same direction, the red end of 
the spectrum at first moves towards the white patch; then 
the motion ceases, and, if the prism be still turned, the 
spectrum begins to move away from the patch. When the 
prism is in such a position that the spectrum is as near as 
possible to the position occupied by the unrefracted beam the 
deviation is the least possible, and the prism is said to be in 
the position of minimum deviation. In many experiments 
with a prism it is desirable for various reasons to place the 
prism in this position and we shall usually suppose it done. 

These two experiments shew us that the light of the lamp 
consists of rays differently refrangible ; moreover these rays of 
different refrangibility are differently coloured, the most re- 
frangible being violet, the least refrangible red. 

(c) Interpose in the path of the light before it falls on 
the prism pieces of variously coloured glass, red, blue, or green. 
In each case only the corresponding part of the spectrum will 
get through and be visible on the screen. With the red glass 
there will be a red patch, on the screen with the blue glass a 
blue patch in a different position to that occupied by the 
red\ 

The red and blue rays are clearly both present in the white 
light and are differently refracted by the prism. This dispersion 
of the light due to the different refrangibility of different rays 
was first investigated by Newton and the two experiments just 
given were performed by him and are described in his Opticks 
published in 1704. They had previously been described in a 
paper read at the Royal Society in 1676. Fig. 122 shews in 




Fig. 122. 

^ The blue glass may let a little red through as well as blue, but the 
green and yellow will be stopped. 

12—2 
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a general way the path of the rays corresponding to a single 
incident ray. Robert Hooke describes in his l^crographia, 
published in 1664, an experiment practically identical with 
the second of the above, but he was unable to follow out its 
consequences. 

108. Further Experiments on Dispersion. 

Experiment (30). To UlvstrcUe the different refrangibUity 
of the i^riously coloured rays, 

(d\ Form a spectrum as already described, but allow it 
to fall on a second prism placed close behind the first in the 
position of minimum deviation and in such a position that the 
edges of the two are parallel. The deviation of the light is 
much increased, so also is the length of the spectrum, the 
angle between the extreme red and violet rays is now, if the 
two prisms be alike, about twice as great as before ; this angle 
measures the dispersion produced by the prism . Move the second 
prism some distance from the first, and then turn it so that its 
edge may be at right angles to that of the first — if the slit and 
edge of the first prism be vertical, the edge of the second must 
be horizontal — so that the length of the spectrum, which is 
formed on the second prism, is parallel to the edge of that prism. 

Each coloured pencil as it passes through the second prism 
is deviated, thus the whole spectrum is 
raised — assuming the vertex of the second 
prism to be downwards — ^but each colour 
is refracted through its own proper 
amount, the red less than the green, the 
green less than the violet. Thus the 
spectrum is no longer a horizontal band. 
Its direction is oblique to the horizontal 
the violet end being raised above the 
red. The appearance on the screen is 
shewn in fig. 123, in which the lower C D E 
spectrum CD,,,G is that cast by the Fig. 123. 

first prism alone, while C'D\,,G' is the 
spectrum after the rays have traversed the second prism. 

(6) The same result may be obtained by looking through 
a second prism at a spectrum on a screen, placing the edge of 
this prism parallel to the spectrum. 
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109. The Recombination of Colours to form 
white Ught. 

Experiment (31). To shew the combination qf coloured 
rays to form white light, 

(a) Take a second prism similar to the first and having 
the same refracting angle. 
Place it with its axis also 
vertical so that the light 
from the first prism may 
fall on it ; turn the edges 
of the two in opposite 
directions and their faces 
parallel as shewn in fig. 
124. The light on the 
screen will now be white, 
the two prisms behave as 
a plate, the second undoes 
the effect of dispersion produced by the first hj causing dis- 
persion in the opposite direction. Interpose an opaque obstacle 
between the two prisms so as to obstruct some of the light. 
The image is again coloured. 

(b) Form a spectrum on a screen and look at it through a 
second prism similar to the first from a distance equal to that 
between the first prism and the screen, keeping the edges of the 
two prisms parallel. If the refracting angles of the two be 
turned in the same direction, the length of the spectrum is 
doubled; if the refracting angles be turned in opposite 
directions the spectrum, when viewed through the second 
prism, appears white and is reduced in length to a narrow 
patch. The violet rays which are most refracted by the first 
prism are also most refracted, but in the opposite direction, by 
the second and the two dispersions annul each other. 

(c) Obtain two prisms, lamps and slits. Place the prisms 
parallel and at some distance apart adjusting them so that the 
two spectra formed overlap, the violet end of one being 
coincident with the red end of the other and vice versft, and 
the colours being mixed throughout. Now view this patch 
through a third prism with its edge parallel to the spectrum. 
The image seen is refracted by the prism from its true 
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position, but the violet in each is refracted more than the red. 
In consequence the two spectra are separated again and appear 
to cross each other, forming a X. 

(d) A cardboard disc, some 25 or 30 cm. in diameter, is 
mounted on an axis through its centre, in such a way that it 
can be made to rotate rapidly by means of a handle and 
multiplying gear. The disc is divided into four quadrants and 
each quadrant is divided into seven sectors. These sectors are 
coloured in order with the seven colours of the spectrum, the 
breadth of each sector being proportional to the length 
occupied by the corresponding colour in a spectrum formed by 
a glass prism. Place the disc in a good light and rotate it 
rapidly ; it will appear to be of a greyish white colour. The 
impression produced on the retina by any bright object lasts 
for an appreciable time after the exciting cause is removed. 
As the disc rotates each point on the retina has impressed on 
it in turn images of all the colours of the spectrum in rapid 
succession, and the eye sees the combined effect of all, thus 
producing the impression of white or grey. The disc will look 
grey compared with a white card illuminated to the same extent, 
for much less light reaches the eye from the disc than from the 
card — most of the incident light being absorbed by the colours 
— and a white surface imperfectly illuminated appears grej. 

We thus, by a repetition of Newton's own experiments, 
can illustrate the analysis and composition of white light. 

Newton used the San as his source and with this or with an Electric 
Arc, the experiments can be shewn on a large scale. For class work it 
will suffice to employ a good lamp or burner with a narrow slit in a 
metal plate. The prism eiioold be of considerable size. A bottle prism 
filled with carbon disalphide gives considerable dispersion, but for most 
purposes prisms of crown glass having refracting angles of 60° will do. 
For the above experiments it is not necessair that tihe glass should be 
perfect or the faces accurately plane, and the glass lustres used for 
decorative purposes on chandelier and gas fittings serve well. These can 
be obtained at a moderate cost from any firm of shop-fitters. Concave 
and convex mirrors which will give sufficiently good images for the 
Experiments on mirrors may usually be selected from a shop-fitter's or 
decorator's stock. Cheap Lenses may be had from a wholesale optician. 

110. To trace the path of the rays through a 
prism. We have explained in Section 45 how this may be 
done with the aid of a drawing board and pins and have seen. 
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Section 43, that the refracted beam is coloured. Newton's ex- 
periments have shewn in a general way the cause of the colour, 
it remains to trace more accurately the path of a beam of white 
light through a prism. Now a white bBam is an aggregate of 
variously coloured beams and each of these has its own index 
of refraction. Each ray of white light is dispersed on ref rac- 




Fig. 126. 

tion into the glass into its coloured components ; this dispersion 
is still further increased by the refraction at emergence, and 
thus the emergent beam is coloured. If we could isolate a 
single ray its path would be as shewn in fig. 125. Each of its 
various components would be deviated from the edge of the 
prism by the two refractions, but the deviation of the violet 
would be greater than that of the red. 

In fig. 126 is shewn the path of a single ray through 
a plate. Dispersion is pro- 
duced, in this case also, by 
the refraction both at inci- 
dence and at emergence, the 
dispersion at emergence how- 
ever takes place in the oppo- 
site direction to that at inci- 
dence, and the red and violet 
rays emerge slightly separated ^^^- ^^^• 

but parallel. Two parallel rays affect the eye as though they 
were coincident, being brought to a focus at the same spot 
on the retina and so no sensation of colour is produced. 

But we cannot thus isolate a single ray, we have in all 
cases to deal with a small pencil and we must consider what 
happens to it. Each ray of the pencil will be dispersed in the 
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same manner as the single isolated ray and each will produce 
its own spectrum on the screen. These spectra will overlap 
but will not exactly coincide. Thus in fig. 127 let ABC be 




the prism, S the slit, SP, SF the extreme rays of the incident 
pencil The ray SP will be dispersed into a red ray PQR and 
a violet ray PTV with the other colours between them, and 
will form a spectrum RV on the screen. The incident ray SF 
will be dispersed into its red ray FQ'F and its violet ray 
P'T'V with the other colours between, and the spectrum will 
be RV\ This spectrum will be lower down on the screen 
than RY^ the distance between R and R and V and T 
respectively will depend on the breadth of the incident beam. 
Thus at any point on the screen the colour will be somewhat 
mixed. Between R and R the red of one spectrum will 
overlap some other colour, orange or yellow say of another. 
The spectrum produced in this way is said to be impure, the 
spectra thrown on the screen in Experiments (29), (30) are 
impure spectra. 

In the case in which the prism is placed in a position of 
minimum deviation, it is possible to draw more accurately the 
path of the rays. We have seen (Section 46) that in general 
a geometrical image is not formed by oblique refraction. A 
pencil of rays diverging from a point does not in general after 
refraction appear to diverge from a second point. In general 
therefore even if the incident light were homogeneous and 
consisted, let us say, entirely of red rays, a red image of the 
slit would not be formed. But both experiment and a mathe- 
matical investigation shew that there is one position of the 
prism for which a geometrical image is formed. If a pencil, 
diverging from a point, fall on a prism in such a way that its 
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axis undergoes minimum deviation, it can be shewn that the 
emergent pencil diverges very approximately from a point. 
This point is situated as far from the edge of the prism as the 
slit; the incident and emergent rays are (Section 45, Exp. 13) 
equally inclined to the faces of incidence and emergence 
respectively. In this case a geometrical image is formed. 

To verify this, illuminate the slit with homogeneous light 
either by the use of a j>iece of ruby glass, or better by taking 
as the source a Bunsen flame in which a small spoon of 
platinum guaze tilled with common salt is placed. The heat 
vapourizes the sodium in the salt — chloride of sodium — and 
the flame assumes an intense yellow hue. Look at the slit 
from a distance, two metres or so, through a prism held parallel 
to the slit and turn it round to vary the deviation. It will be 
found that the image seen is best defined when the deviation 
is a minimum ; in this position a sharp clear image of the 
slit is formed. An object, such as one of the upright rods 
used in Experiment (17), can be viewed with half the eye by 
holding the prism so as to cover only half the pupil, and can 
be placed, by a second observer, so as to coincide with the 
position of the yellow virtual image. It will then be found 
that this image is at the same distance from the prism as the 
slit. Now if white light be used, since its various components 
are differently refrangible, there will be a series^ of these 




Fig. 128. 

1 Strictly speaking, the prism is not accurately in a position of mini- 
mum deriation for all the colours at the same time, but it is very nearly so. 
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virtual images, each differentlj coloured, arranged side by side 
in a line. 

In fig. 128 ABC is the prism, S the slit, SP, SF the 
extreme rays of the pencil diverging from the slit, v, 6, y, r, 
the virtual images of the slit formed by the variously coloured 
rays. Let FQ^ FT be the red and violet rays in the prism 
corresponding to k^F, FQ' and FT' those corresponding to 
SF'. The emergent beam consists of a violet pencil vT, vT' 
diverging from v and meeting the screen in FF', and a red 
pencil rQ, rQf which meets the screen in RR^ with the various 
other pencils between. 

If the prism were removed the incident rays would form a 
broad white patch on the screen as at DE ; corresponding to 
this we have the red patch RIi and the violet patch FF', each 
of about the same width as DE, with the patches of other 
colours in between overlapping each other. 

If an eye be placed behind the prism so as to receive the 
emergent rays it will see the virtual spectrum vr. Now 
this spectrum differs from that on the screen in that all the 
red rays are concentrated at one point, all the violet at 
another and so on for the various colours. If the eye be 
adjusted so as to view this virtual spectrum distinctly, the 
image formed on the retina will resemble vr, in that all the 
colours will be distinct. The spectrum in this case is said to 
be pure. Thus a pure spectrum is one in which all the 
colours of various refrangibilities are distinctly separated. 

In order to obtain a pure spectrum it is necessary that the 
slit should be narrow, for otherwise the virtual images formed 
at Vf y, r will not be narrow but will overlap and cause 
impurity. If such a slit be illuminated by white light and be 
looked at through a prism placed in the position of minimum 
deviation, the spectrum seen is a pure one. 

Thus Newton, when looking at his narrow slit through 
a prism, saw a pure spectrum, but in those experiments 
hitherto described in which he formed the spectrum on a 
screen, the spectrum was not pure. 

111. To explain how to produce a pure spec- 
trum on a screen. The method by which we can attain 
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this will be clear if we consider the cause of the impurity. 
The incident rays are divergent and if not intercepted would 
form a broad patch on the screen as at DE, fig. 128. The 
breadth of the corresponding coloured patches RR\ VV is 
a consequence of the breadth of DJS. If we can reduce BE 
to a narrow image of the slit, we reduce also W and 2fR' 
and improve the purity. This may be done, though very 
imperfectly, if we limit the breadth of the incident beam by a 
series of diaphragms, but such a device will not help us very 
far ; for one reason, we shall lose too much light. 

Newton explained the method to be adopted. We can 
reduce BE to a narrow image of the slit if, as in fig. 129, we 
put a convex lens LM between the prism and the slit, and 
adjust the lens or the position of the screen, so that the lens 
may form on the screen at aS^ a real image of the slit S. 




Insert the prism in the position of minimum deviation in the 
path of the rays after they have traversed the lens, they will 
be refracted, and will converge to form real images F, R, of 
the slit. These real images will be at the same distance from 
the prism as ^S", and on shifting the screen to receive the 
refracted rays, keeping it at the same distance from the prism 
as before, a pure spectrum is formed on the screen. 

The same end may be attained by forming the spectrum 
as in fig. 127, and then allowing the rays, after traversing the 
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prism to fall on a convex lens LMN^ fig. 130. The rays of 
any one colour are now diverging from one point of a virtual 
image of the slit along v, y^ r. These rays so diverging will 
be brought to a focus by the lens which will form a real red 
image at J?, a real violet one at F, and so produce at VR 
a real pure spectrum. The points V and R in the figure 




are found by joining v and r to the centre M of the lens, as 
shewn by the dotted lines in the figure, TMy is the axis of 
the lens. To determine the position of this spectrum, it is best 
to replace the lamp by the sodium flame, and to adjust the 
screen, keeping it approximately perpendicular to the rays, 
until a clear yellow image of the slit is formed. The screen 
will then be approximately in the right position to receive the 
real images formed by the rays of other colours, when the slit 
is again illuminated with white light. 

The pure spectrum seen by the eye in Section 109, is 
formed in this way ; the lens of the eye and the retina take 
the place of the lens and the screen above. By removing the 
screen and allowing the rays, after forming the pure spectrum, 
to diverge and enter an eye at some distance, the real pure 
spectrum formed at VR can be viewed directly. It may also 
if desired, be magnified, by placing a convex lens between VR 
and viewing it through this. The original lens LMN and 
this lens constitute an astronomical telescope, arranged to 
view the virtual spectrum vr formed by the prism. 
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*112. To trace the path of the rays through a 
spectroscope or spectrometer. The image formed by 
refraction through a prism is most perfect when the incident 
rays form a parallel pencil. It is only when the angle 
between the extreme rays is very small, that the refracted 
beam diverges accurately from a point. For accurate work 
therefore it is desirable that the incident pencil should be as 
nearly as possible a parallel one. Newton secured this by 
having a considerable distance, 10 or 12 feet, between the 
prism and the slit. It may be more readily secured by the 
use of a collimating lens. The slit is placed at the principal 
focus of a convex lens. The rays emerging from the lens are 
parallel, and as such fall on the prism ; each ray is then dispersed 
by the prism to the same extent. Thus, after traversing the 
prism, the red rays emerge as a parallel pencil in one direc- 
tion, the violet rays also as a parallel pencil in another. 
These rays fall on the object glass of the observing telescope, 
and are brought to a focus by it ; the red rays at one point B, 
the violet at another V. The spectrum thus formed is viewed 
by the eye-piece and magnified. 

The spectrometer by which such an experiment would be 
carried out, has been described in Section 104, and is shewn 
in fig. 119. The path of the rays through such an instrument 
is shewn in fig. 131. 




113. To produce a pure spectrum on a screen. 

Experiment (31). Illuminate the slit with a Bunsen 
flame rendered luminous with sodium chloride. Take a convex 



190 LIGHT. [CH. IX 

lens of about 25 cm. focal length, and place it at about 50 cm. 
from the slit ; an image of the slit will now be formed on a 
screen placed at about 50 cm. from the lens. Interpose the 
prism in the path of the light after it has traversed the lens, 
and move the screen to receive the refracted beam. Turn the 
prism until the deviation is least, and adjust the screen, 
keeping it normal to the incident light until a clear yellow 
image of the slit is again formed on it. Replace the Bunsen 
flame by a white light. A pure spectrum will be formed 
on the screen. The leus may, if we wish, be placed so as to 
receive the light after it has traversed the prism. 

If the first method be followed, it is not necessary to use 
the sodium flame, if the distance between the screen and the 
prism be maintained the same as the screen is shifted and if 
the other adjustments be accurate, a pure spectrum can be 
formed without focussing the yellow light of the flame on the 
screen. It is easier however, to test the adjustments by the 
aid of the homogeneous light of the sodium flame. 

The various experiments with the spectrum described in 
Sections 107-109 may be repeated, using the pure spectrum in 
place of that previously employed. 

#114. Dispersion in lenses. A convex lens is, as we 
have seen. Section 68, fig. 80 equivalent to a series of prisms 
one above the other. Consider a pencil of rays of white light 
falling on such a lens. Each ray at incidence is dispersed into 
its coloured components and the dispersion is still further 
increased at emergence. The violet light is at each point 
more refracted than the red, thus the violet focus will be 
nearer the lens than the red focus. This can be shewn by 
placing a somewhat strong convex lens in the path of a beam 
from a brilliant source of light, and receiving the emergent 
light on a screen. Thus, take the gas flame as the source of 
light, hold the lens in such a position as to form an image 
on the screen, and focus the image as clearly as possible. 
Move the screen rather nearer to the lens, the image will 
appear to be tinged with red; move it back beyond the 
position of most distinct definition, the image appears tinged 
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with violet. The cause of this is seen from fig. 132. The 
violet rays converge to a point 
V on the axis, the red to a 
point R, A violet image is 
formed at F, and a red one 
at R, If the screen be held - 
at F there is no violet light 
in the outer part of the 
image. It therefore has a 
red border; if it be held at Fi«- 1^2. 

R, the red light is concentrated at the centre, the border 
is violet. The position of most distinct definition is some- 
where between these two. This phenomenon is known as 
chromatic aberration. We can illustrate it by two other 
experiments due to Newton, 

Experiment (32). To shew that the focal length of a 
lens is different for red and violet light. 

(a) Take a piece of card, colour one half blue, the other 
red ; wind a piece of black thread or silk round the card, and 
place a lamp or candle in front to illuminate it. Form 
a real image of the card by the aid of a convex lens, and 
place a screen so that the image may be distinctly defined on 
it. The position of best definition is found by looking at the 
images of the black thread. When the edges of the thread 
are seen clearly, the light on either side of it is forming a 
sharp image. It will be found that with the screen in one 
position, the image of the thread is distinctly focussed on the 
blue part, but is blurred on the red part. On shifting the 
screen back to a greater distance the red part is in focus, 
the blue is blurred. In Newton's experiment the distance 
between the card and the screen was about 12 feet, and the 
distance between the two positions of the screen about an inch 
and a half. 

(b) Adjust a lens to form a real image of a sheet of print. 
Illuminate the print with red light by placing a red glass 
between it and the lamp, and find the position of the image 
on a screen. Change the red light to blue. The image on 
the screen will no longer be in focus ; the screen must be 
shifted nearer to the lens to secure definition. 
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(c) Determine as in Section 79 the focal length of a 
convex lens using a red glass in front of the source of light. 
Repeat the experiment with a blue glass. The focal length 
found will be distinctly shortened. The violet focus is nearer 
the lens than the red. 

* 115. To correct a lens for chromatic aberration. 

These defects of lenses render it impossible to make refracting 
telescopes or microscopes of high power with simple lenses. 
They can however be corrected, though Newton was under 
the impression that such correction was impossible, and for 
this reason was led to invent the reflecting telescope. 

For consider the dispersion produced by a concave lens, on 
which a parallel pencil is directly incident. The violet com- 
ponents are more refracted than the red : thus the virtual 
violet focus is nearer the lens than the red focus. Or again, if 
a convergent pencil fall on such a lens, the violet is the more 
refracted ; thus the violet focus is further away than the red. 

Now let the light after passing through a convex lens fall 
as a convergent pencil on a concave one. The convex lens 
tends to bring the violet focus nearer to the lens than the red ; 
the concave lens has the reverse effect. It may be possible so 
to choose the lenses that these two effects exactly balance, so 
that after traversing the two lenses the violet and red foci 
coincide. 

This is shewn in fig. 133. The convex lens BAC would 



B B 




Fig. 133. 

bring the violet rays to F, the red to R. The concave lens 
B'A'C has an opposite effect, and the two foci coincide at F, 
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There is one case in which this end can obviously be 
attained. If the two lenses be of the same material and have 
the same focal length, the one positive, the other negative, 
the prisms to which, at any distance from the axis, they are 
equivalent will be equal, and have their angles in opposite 
directions, we have at each point of the two lenses the 
conditions of Section 120; the red and violet rays emerge 
parallel to their original direction, there is no colour but no 
image is formed. This is of course useless for our purpose. 
But by taking two lenses of different materials, such as crown 
glass and flint glass, it has been shewn that it is possible to 
correct the chromatic aberration, without at the same time 
destroying the deviation on which the formation of the image 
depends. Thus if a spectrum be formed as in Section 109, 
with a prism of crown glass, we can destroy the colour by the 
aid of a prism of flint glass, and it will be found that the 
angle of the prism required is much less than the angle of the 
crown glass prism, while the deviation produced by the flint 
glass prism is also less than that caused by the crown glass 
prism, so that on the whole the rays emerge white but bent 
in the same direction, though not through as great an angle, 
as if the crown glass prism alone had been used. 

Thus we can correct the chromatic aberration of a convex 
crown glass lens by the aid of a less powerful concave flint 
glass lens, and the combination will act as a convex lens of 
greater focal length than the crown glass lens, but will not 
produce dispersion. Such a combination is called an achro- 
matic object glass. This discovery was made some time after 
Newton's death by a Mr Hall. It was rediscovered by 
DoUondj the optician, and it is in consequence of this that the 
huge refracting telescopes and the powerful microscopes of 
the present day have become possible. 

116. Spectrum Analsrsis. It is found that the 
spectra produced by different sources of light are in many 
respects very different. Hence, by examining the spectrum 
of a luminous source, we may in some cases recognize the 
nature of the source. This method of analysing a substance 
is c^ed spectrum analysis. 

G. L. 13 
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117. Spectrum of an incandescent gas. The 

spectrum emitted by a glowing vapour consists usually of a 
number of isolated bright lines. Thus, place a Bunsen flame 
behind the slit of a spectroscope, and introduce, on a platinum 
wire coiled into a loop or on a small platinum spoon, the salts 
of the various metallic elements, the spectra seen will be quite 
di£Eerent. Thus if a salt of sodium — such as common salt — ^be 
on the spoon, the flame is an intense yellow, and the spectrum 
observed consists of a single bright line in the yellow — or 
rather if the spectroscope be a good one, of two bright lines 
very close together — no other light is visible. Whenever we 
look at a flame containing sodium we see this line, and so 
far as we know, it is never produced by anything else but 
incandescent sodium vapour. If the line be present when 
some unknown substance is vapourized and examined, we may 
safely infer that the substance contains sodium. 

Again lithium and strontium both colour the flame red, but 
the spectrum of strontium consists of a number of lines in the 
red, an orange line rather less refrangible than the sodium 
line, and a line in the blue; while that of lithium gives a 
brilliant red line and three fainter lines in the orange, green 
and greenish blue. 

But the Bunsen flame is not at a sufficiently high tempe- 
rature to volatilize many of the elements. To obtain the 
spectrum of a metal we cause an electric spark to pass 
between two points of the metal placed close together. The 
spark tears off from the points small fragments of the metal 
and volatilizes them. If the spark passes in air, the appear- 
ances are complicated by the fact that the gases of which the 
air is composed are rendered luminous ; and we may have as 
well as the lines due to the metal those due to the incan- 
descent gases. 

To obtain the spectrum of a gas it is usually enclosed at 
very low pressure in a vacuum tube. The central portion of 
this tube is very narrow. There are terminals sealed through 
the glass by means of which electric sparks can be made to 
traverse the tube, which becomes brightly luminous in the 
capillary portion where it is intensely heated. 

118. Spectrum of an incandescent Solid. This 
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differs from the spectrum of a gas in that it is a continuous 
band or ribbon of light. It may be seen when the slit of the 
spectroscope is illuminated by a piece of metal heated white 
hot. The continuous spectrum of a lamp or gas flame is due 
to the incandescent particles of solid carbon in the flame. 
These particles are heated white hot in the process of com- 
bustion and emit light of all refrangibilities. 

119. Absorption Spectra. Coloured transparent 
bodies owe their colour to the fact that they absorb and do 
not transmit certain definite rays of a pencil of white light 
which may fall on them. 

This is easily seen by the following experiments. Form 
a spectrum of a source of white light such as a gas flame 
either in the spectroscope or on a screen. Interpose between 
the light and the slit a piece of ruby glass ; only the red light 
is transmitted, the blue, green and other colours are wanting 
in the spectrum; similarly a piece of cobalt blue glass 
transmits only the red and the blue rays, while a solution of 
bichromate of potash cuts out all but the red and orange. 
In these cases the substances examined stop all the rays 
belonging to a considerable portion of the spectrum and 
appear coloured in consequence. There are other substances 
which stop certain definite rays, but allow the major portion 
to pass. If white light be allowed to traverse a thin layer of 
such a substance and then examined in the spectroscope, the 
spectrum will be crossed by certain definite dark bands 
or lines. Thus if a very dilute solution of permanganate of 
potash be placed in a test tube or small glass cell and inter- 
posed between the source of light and the slit, the spectrum is 
seen to be crossed by ^ve dark bands in the green. A piece 
of glass coloured with oxide of uranium and interposed, gives 
a similar but quite distinct spectrum. A dilute solution of 
blood gives a spectrum which is crossed by two dark bands in 
the orange and in the yellow green respectively, while the 
violet portion is wanting altogether; if the blood be deoxidised 
by a suitable agent the spectrum changes. All these are 
examples of absorption spectra. Thus, any substance which 
has a characteristic absorption spectrum can be recognized 
if it exist in a solution through which light is allowed to pass. 

13—2 
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Many gases also have absorption spectra. Put some 
iodine in a test tube and vapourize it by holding it over a 
lamp for a short time. Place the tube between the light and 
the slit of the spectroscope, and a large number of narrow 
dark bands become visible in the spectrum. 

120. Reveraal of the spectram. Obtain a con- 
tinuous spectrum from a very hot source of white light such as 
the electric arc. Place a Bunsen burner between the source and 
the slit, and vapourize some sodium in the flame of the burner 
so that the white light may traverse the incandescent sodium 
vapour. A dark absorption band appears in the spectrum 
and, as was first shewn by Kirchhoff in 1859, this dark band 
coincides with the yellow line which we have already seen is 
characteristic of the presence of sodium vapour. 

The white light is coming from a source at a higher tempe- 
rature than that of the glowing yellow vapour of the sodium 
flame, just that constituent which the sodium flame itself 
emits is absorbed, and from the beam, the yellow light of the 
flame is substituted for this, but, being much less bright than 
the rays on either side from the white source, the line looks 
black by contrast. If lithium, thallium or other salts be intro- 
duced in turn into the flame, black bands appear which 
coincide in position with the bright bands characteristic of 
the vapours of these various substances when they are glow- 
ing themselves at a higher temperature. 

A gas absorbs from the incident light just the rays which 
it itseft emits. If then we allow white light to traverse a 
mass of unknown gas, and find that there are in the spectrum 
black absorption bands which coincide with the bright lines 
emitted by some known substance, we may infer that this 
substance exists in the gaseous form in the mass of unknown 
gas. This is the fundamental principle of spectroscopy as it 
is applied to the sun. 

121. The Solar Spectrum. The Solar Spectrum, as 
described by Newton, is a continuous band of colours. 
Fraunhofer was the first to notice that when a pure solar 
spectrum is formed it is crossed by a number of dark 
absorption bands. These he denoted by the letters of the 
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alphabet ABCDEFGy A and B are in the extreme red, C is in 
the brightest part of the red, D in the yellow orange, F in the 
yellow green, the brightest part of the spectrum, F in the 
green, G on the blue violet. He noticed moreover that the 
dark line D coincided with the bright line of sodium. 

Since his time many other dark lines in the solar spectrum 
have been found to coincide with the bright lines due to 
various incandescent gases. Thus (7, F and G all coincide 
with lines due to hydrogen, H coincides with a calcium line, 
A and B with oxygen lines. There are many coincidences 
with iron lines, magnesium lines, and those of numerous other 
substances. 

Kirchhoff's experiments on the reversal of the lines give 
the explanation. Light, from a white hot nucleus at the 
centre of the sun, passes on its way to the earth through 
various gases and vapours, and the rays which those gases and 
vapours would themselves emit, if at a high temperature are 
absorbed. Fart of the absorption may be due to the earth's 
atmosphere, indeed the A and B lines are known to come 
from that ; they vary in appearance with the position of the 
sun, and the thickness of the atmosphere which the rays have 
to traverse. The other substances mentioned do not exist in 
the atmosphere, they must therefore be present in the sun, 
and hence we infer that there exist in the sun hydrogen, 
sodium, iron, magnesium and a host of other substances 
known to us on earth. 

122. Colours of bodies. The natural colours of 
bodies are due in the main to the fact that they only return to 
the observer certain definite colours out of those which are 
combined in a beam of white light. Thus a white lily is white 
because it can return to the eye all the colours in the same 
proportions as they exist in white light, a red rose only 
returns red, a blue hyacinth blue. Project a fairly pure 
spectrum on a screen. Hold a piece of white paper in the 
spectrum, the paper will appear to be of the same colour as 
the part of the spectrum which falls on it. Repeat the 
experiment with a piece of scarlet ribbon or flannel. When 
in the red part of the spectrum it appears a more vivid red 
than when seen in white lights when in the green or blue it 
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looks black and oolourlesa. A green leaf shines out brightly 
in the green, but is quite dark in the red or blue, a blue 
flower appears black at the red end of the spectrum, but is 
of a bright blue when the blue rays fall on it. 

The object owes its definite colour to the fact that it 
allows light of that colour to reach the eye and stops the 
rest. 

123. Natural colours due to absorption. Take a 
glass cell and fill it with a clear solution of copper sulphate. 
On looking through it at the light the solution appears blue. 
This we have seen is because it absorbs the red and yellow 
rays. Place it against a black background and look at it 
obliquely it appears black, a certain amount of light is 
reflected from the surface and we may see objects reflected 
there of their own proper colour, but the solution seen by 
reflected light is colourless. Drop into the liquid a small 
quantity of finely powdered chalk, the solution now appears to 
be of a bright blue colour. Light is reflected from the 
surfaces of the chalk particles and reaches the observer's eye, 
but to do so it has traversed a layer of the liquid of greater or 
less thickness, and, by this passage, the incident white light 
has been deprived of all its constituents but the blue. The 
solution derives its colour from light which has lost all rays 
but the blue by its passage through the liquid to the chalk and 
back. 

It is to this cause that the natural colours of bodies are 
mostly due. A leaf is green because chlorophyll — the colour- 
ing matter it contains — absorbs all but the green rays. Light 
penetrates a little way into the leaf and reaches our eyes after 
being scattered from some of the particles in the interior. 
This light is robbed of all colours but the green by the 
absorption of the chlorophyll. The colour of the leaf is due 
to this green light diluted more or less by light reaching us 
after reflexion at the surface. In the red part of the spectrum 
the leaf looks black because the red light is at once absorbed 
by the chlorophyll ; there is none reflected from the particles in 
the interior to the eye. 

124. Sensation of Colour— Colour matches. Ex- 
periment shews that there are various ways in which we can 
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excite in the eye the sensation of most given colours. Thus, 
take two circular discs of red and green paper, slit each along 
a radius up to the centre and place them both on the colour 
top, described in Section 109 {d), slipping one disc partly above 
and partly beneath the other through the slits, so that part 
of the disc is green, the other red. Let there be about twice 
as much red exposed as green. Rotate the top rapidly, the 
sensations due to the two colours are superposed in the eye 
and a yellow impression is the result. Hence the sensation 
of yellow may be produced by a mixture of green and red. 

In this way the effect of mixing together different colour 
impressions may be studied ; we can shew, for example, by 
using three discs that the effect of mixing together red, green, 
and blue in the proportions of 4, 3, and 3 is to produce a dull 
grey. If we have two tops or two sets of discs of different 
sizes, one large, the other small, which fit on to the same top we 
can make a series of matches ; thus a combination of red and 
green when diluted with a certain amount of white will 
match a mixture of yellow and blue. Again, two colours are 
complementary when their mixture produces white; if we divide 
the rays of the spectrum into any two arbitrary groups and 
then combine the rays in each group, the two resulting colours 
will be complementary. 

By experiments with the colour top and the like. Maxwell 
shewed that any colour could be matched to the eye by taking 
in proper proportion quantities of three principal or primary 
colours. These principal colours he proved to be red, green 
and violet. The eye alone cannot tell whether any given 
colour, such as yellow, is a pure spectral colour or a mixture of 
two or more of the above. 

125. Mixtures of pigments. It must be noted that 
in the above we are dealing with the effects of mixing colour 
impressions in the eye, not pigments painted on card. Thus 
green paint is produced by mixing blue and yellow. This is 
because the blue paint allows not only the blue to pass, but 
also a little of the adjacent green, the yellow paint allows 
yellow light to pass and also some green, but it stops the 
blue ; when blue and yellow are mixed, it is only the green 
light which can get through, the paint looks green. Am- 
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moniated sulphate of copper transmits the green and all the 
blue, it looks blue itself. Picric acid is a yellow solution 
which allows some green to pass. Pass a beam of white light 
first through the ammoniated copper sulphate, it emerges 
blue, then through picric acid, it emerges green, the green is 
the only colour which can pass both, so with the green pig- 
ment which arises from a mixture of indigo and gamboge. 

126. Theories of colour Bensation. It was sug- 
gested, first by Young, and afterwards by Helmholtz, that the 
three principal colours correspond to three primary colour 
sensations in the eye. The apparent colour of a body will, 
according to this theory, depend on the proportion in which it 
excites these sensations. An object looks yellow because it 
excites the red and the green in the proportion of 2 to 1. It 
looks blue because it excites the violet sensation and more or 
less of the green. To produce white the sensations of red, 
green and violet are excited in the proportions of 2, 3, and 3 
approximately. We must distinguish between this theory and 
the experiments on which it is based. White can be matched 
by mixing the impressions of red, green and violet in the 
proportion of 2, 3 and 3, but we do not know that each of 
these colours corresponds to a single primary stimulus given 
to the optic nerve. 

Other theories as to the cause of colour sensations have 
been proposed ; for an account of these see Foster's Text-book 
of Physiology. 

127. Colour BlindneM. There are some eyes on 
which certain colours make no impression; such are called 
colour-blind. The most common defect consists in a confusion 
between red, yellow and green. These colours all appear to a 
colour-blind person as shades of yellow ; blue-green tints 
appear as grey, the blue and violet are called blue. A red 
object is either black or brown, orange is a light brown 
verging towards yellow, while green is called a greyish yellow. 
To such an eye some shades of green can be matched by reds. 
According to the Young-Helmholtss theory one of the primary 
sensations— the red — is wanting. If an observer with such 
an eye were to match a yellow by a mixture of red and green. 
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the best match possible to him would appear a brilliant red to 
a normal eye. The ordinary colour-blind eye confuses red 
with green and various shades of grey. To such an eye any 
colour can be matched by a mixture of two colours with 
black and white. 

A colour-blind person calls the two principal colours yellow 
and blue, and to hira all other colours are more or less satu- 
rated compounds of these. According to the Young-Helm- 
holtz theory each of the primary colours excites in the main 
the one definite set of nerves to which they correspond, but 
each also stimulates though in a very limited degree the 
nerves corresponding to the other primary colours. Thus a 
red colour excites chiefly the red nerves, but to a limited 
extent also the green and violet; yellow light excites both 
the green and red nerves and to a limited extent the violet, 
while green excites chiefly the green nerves, but to a limited 
degree the red and violet. If then the red nerves are absent, 
the extreme red of the spectrum will look black, a bright 
scarlet will excite to a limited extent the green and will be 
described as a shade of green or greenish grey, yellow will 
appear as a brighter shade of green, while purple will appear 
much the same as blue, for the red of the purple produces no 
impression. Moreover since the yellow green is the brightest 
part of this spectrum and persons are told by their friends 
with normal vision that, when they are looking at that colour 
they are looking at yelloW, they call the colour sensation 
produ«ed in their own eyes yellow, not green, although it 
is in the main the green nerves which are being stimulated. 

The violet sensation is called blue by such persons for a 
similar reason. Indigo is a brighter colour than violet; a 
colour-blind person while able to recognize a difference between 
blue and violet prefers to call it a difference of brightness, 
not of hue. Violet, owing to the absence of the red nerves, 
appears as a dark blue, and he gives to his primary sensation 
of violet the name of blue. 

There is another form of colour-blindness, but it is much 
less common than the above, in which the red sensation is 
apparently wanting. 
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The usual method of testing for colour blindness is to ask 
the person whose eyes are under examination to make a series 
of matches with variously coloured skeins of wool. The 
colour-blind eye will make mistakes between grey, greens and 
some shades of reddish yellow. 

128. The Colour box. More accurate tests can be 
made by means of the colour top with variously coloured 
discs or by the aid of the colour box by which the spectral 
colours are themselves mixed. 

The principle of this apparatus will be clear on referring 
to figure 134. VE is a pure spectrum of light coming from a 
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slit S ; the red rays from S are all brought to a focus at B^ 
suppose now that a slit were placed at E and illuminated 
with white light, a spectrum would be formed by the prism 
and the red of that spectrum would be focussed at S, Place 
a second slit at V; the light from this slit will be dispersed 
to form a pure spectrum, and since violet rays from ;S' are 
focussed at F, the violet rays from V will be focussed at S, 

Thus if there be two slits at E and V respectively, and 
these two slits be illuminated with white light, an eye looking 
through the slit ;S' will receive red light from E, violet light 
from F, and the two sensations are combined. Similarly by 
placing a slit in another part of the spectrum VE, and 
illuminating it with white light, the colour corresponding to 
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this part is brought to a focus at aS^. The amount of light of 
any given colour admitted is varied by varying the breadth of 
the slits, the colours of the lights mixed can be altered by 
shifting the positions of the slits. 

Maxwell's colour box consists of a box in one end of 
-which there is a slit, while an arrangement of prisms and 
lenses inside form a pure spectrum at the other end. A 
number of movable adjustabl^ slits are placed at this end, 
which is turned towards a source of light ; by this means the 
red from one slit, the green from a second and the violet from 
a third are superposed at the first slit and the effect of mixing 
these or any other colours can be examined ^ 



EXAMPLES. 

DISPERSION AND COLOUR. 

1. Explain carefully (illustrating your answer by means of a 
drawing) how you would prove that white light is a mixture of light of 
various colours, and that the constituents of the light can be recombined 
to produce the sensation of white light. 

2. Describe briefly the constitution of white light. Why does the 
object glass of a telescope generally consist of a convex and a concave 
lens of different kinds of glass? 

3. An observer places a prism close to his eye in a darkened room 
and looks at a slit which is illuminated by a lamp, the edge of the prism 
being paridlel to the slit. Describe what he sees, and illustrate your 
answer by a figure. 

4. Explain why a cube of glass can never shew any prismatic 
separation of the rays. What ought to be the refractive index of a 
substance that such a separation should just be possible ? 

5. How would you arrange a lamp, slit, lens, and prism to form a 
pure spectrum on a screen? 

Draw a diagram carefully shewing the path of the light. 

6. Sunlight is entering a darkened room through a very narrow 
vertical crack in the shutter. An observer who can see the crack 
distinctly looks at it through a prism with its edge vertical. Describe 

^ For farther details, see Glazebrook and Shaw, Practical Physics, 
§68. 
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what he sees and indicate in a figure the path of the rays to his ejee. 
How could he produce on the opposite wall a real image corresponding to 
the one which he sees ? 

7. Trace a pencil of rays from a slit through a lens and prism 
arranged to form a pure spectrum on a screen. How would you shew 
that &e light having thus been decomposed by the prism is incapable of 
further analysis? 

8. What changes would be produced in the appearance of the moon 
at rising and setting if dispersion of light existed in the space between it 
and the earth? 

0, Describe and explain the arrangement of the apparatus required 
for the production of a pure spectrum of an electric spark. How would 
you arrange the apparatus so as to examine in detail the light from each 
portion of the spark, e.p., to compare the spectra from the parts near the 
two poles respectively? 

10. Describe the construction of the spectrometer and the way in 
which it is used to determine the refractive index of a substance. 

Why is it important to arrange the collimator so that the rays 
proceeding from a point on the slit should be rendered parallel ? 

11. Describe the optical parts of a spectroscope and shew how a 
pure spectrum is formed in the focal plane of the eyepiece. 

12. The presence of Carbonic Oxide in the blood is indicated in its 
spectrum by certain dark bands ; what apparatus should you require to 
test for the presence of Carbonic Oxide in a specimen of blood? Draw a 
figure to inmcate how you would set it up. 

13. Explain the origin of colour when white light passes through a 
solution of copper sulphate, and trace the effect of varying the thiclmess 
traversed. 

14. What are the differences between the spectra (a) of an incan- 
descent gas, (b) an incandescent solid, (c) of the sun? How do yon 
account for these differences? 



EXAMINATION QUESTIONS. 



1. Give a proof of the statement that light travels in straight 
lines, and explain how the penumbra in a shadow is formed. The 
sun shines tnrough a small triangular hole in the window shutter 
of a darkened room ; what is the shape of the patch of light 
seen on the opposite wall ? 

2. Distinguish between the "illuminating power of a source 
of light" and "the intensity of the illumination at a point due 
to a given light/' explaining how they are measiu'ed ; shew that 
the latter is inversely proportional to the square of the distance 
of the point from the source. 

3. Describe Bunsen's Photometer and Rumford's Photometer, 
and explain how to find the candle power of a gas flame by one 
of them. 

4. State the laws of reflexion of light and describe experiments 
to prove them. 

5. What is meant by the image of a luminous point ? Distin- 
guish between real and virtual images. Two mirrors are placed 
at right angles and an object is placed between them ; draw a figure 

fiving the position of the images seen with the paths of the rays 
y which they are each visible. 

6. State the laws of refraction, defining carefully the term index 
of refraction, and give a geometrical construction to determine the 
path of the refracted ray corresponding to a given incident one. 
Explain why a stick placed obliquely in water appears bent at the 
point where it enters the water. 

7. Draw figures shewing how light is refracted when passing 
through (a) a plate, (6) a prism of a transparent substance such as 
glass. 
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11. 

1. What is meant by the terms, a pencil of rays, direct inci- 
dence, principal focus, conjugate foci, axis of a mirror ? Shew that 
the principal focus of a spherical reflecting surface is halfway 
between the centre of curvature and the sur£a^ 

2. Shew how to find the image of a luminous point formed by 
reflexion at a concave spherical surface. 

3. An object is placed in front (1) of a concave, (2) of a 
convex spherical reflector. Trace the changes in the position 
of its image as the object is moved from some distance aWay up 
to the surrace. In case (1) under what circimistances is the image 
virtual? 

4. What is a lens ? Shew how to find the image of a luminous 
point placed near a lens. How would you determine if a given lens 
were (1) convex, (2) concave ? 

5. Prove the formula -+-«=- for refraction through a 

V u f ^ 

convex lens. How would you find the local length of a convex 
lens? 

6. Describe the eye as an optical instrument, stating what its 
principal defects are and how they may be remedied. 

7. How are lenses combined (1) in a telescope, (2) in a 
microscope ? 

8. What is a spectrum ? What apparatus do you require, and 
how would you arrange it to produce a pure spectrum hom a gas 
flame ? Give a figure shewing the path of the rays. 
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1. Prove the formula -H — =- for reflexion at a concave mirror 

V u r 

and describe how to find the focal length of such a mirror. 

2. Describe the methods of finding the focal length of a convex 



3. Trace the rays by which an eye sees the imaee of an object 
at a little distance formed (a) by a concave lens, (6) by a convex 
lens. 

4. Describe experiments to illustrate the defects of (a) short- 
sight, (6) long-sight, (c) astigmatism. 

5. What is meant by chromatic aberration? Describe ex- 
periments to shew its existence in a convex lens of ordinary glass 
and to illustrate the method of correcting for it. 

6. Describe some methods of combining the colours of the 
spectrum to produce white light. 

7. Explain the cause of the natural colours of bodies. 

8. How would you examine the spectrum of blood ? 

9. Describe an experiment to illustrate the production of the 
dark lines in the solar spectrum. 



ANSWERS TO EXAMPLES IN LIGHT. 

CHAPTER I. (Page 20.) 
6. Approximately 10 to 1. 

CHAPTER III. (Page 48.) 

6. 46°. 7. 60°. 

CHAPTER IV. (Page 83.) 
1. i of the thickness. 9. H cm. 

CHAPTER V. (Page 107.) 

7. 3 in. diameter ; 6 ft. behind the mirror. 

8. 2 ft. Real. 9. Sf in. ; 1 in. 

12. Sizes, 3 in., 1 in., f in., ^ in. ; distances, 18 in., 9 in., 7^ in., 6 in. 

13. i in., 5 in. 

14. 12^ om. from the concave mirror, ^ cm. high. 

15. On a line perpendicular to axis and 1 ft. from centre. 

16. -157 feet. 

CHAPTER VI. (Page 136.) 

1. 18 in. behind the lens ; i in. long. 

2. 2 ft. behind the lens ; 1 in. diameter. 

4. (a) 6 ft. behind the lens, (h) 2 ft. in front of the lens. 

5. 4 in. 7. 8 in. in front of the lens, I in. diameter. 

G. L. 14 
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0, 2} in. behind the lens, ^ in. 

10. Lens 80*5 ft. from screen, slide 6*1 in. from lens. 

12. 10 in. from lens. 13. As 1 to 7. 

14. (a) 16} in. in front of the concave lens, (b) 110 in. behind the 
convex lens. 

17. 2A ft* 21. 1*2 in- from the surface. 

22. 2 ft. in fh>nt of the lens ; 6 in. hij^. 

26. 2| in. in front of the lens. 

CHAPTER VIIL (Page 177.) 

1. A conoave lens 2 ft. in focal length. 2. 6. 

3. The second. 5. Concave, 5j in. 6. 10 ft. 

7. 2|in. 0. 2Hm. 11. 6. 



INDEX TO LIGHT. 



The refereneei are to the pages. 



Aberration, ohromatio, 192 
„ of the stars, 24 

Absorption spectra, 195 
Analysis, speotram, 193 
Angle, critical, definition of, 61 
Astigmatism, 149 
Astronomical Telescope, the, 160 
Axis of a mirror, 87 

Bench, the optical, 17 — 19 
Blindness, colour, 200, 201 
Bodies, luminous and non-lnmin- 

ous, 3 ; colours of, 197 
Bnnsen's Photometer, 17 

Calculations, methods of, 99 
Camera Lucida, the, 166, 167 
„ Obscura, the, 140 
„ the Photographic, 141 
Candle power, 15 
Caustics formed by reflexion, 106 
Centre of curvature of a mirror, 86 

„ (optical) of a lens, 114 
Chromatic aberration, 192 
Colour blindness, 200, 201 
„ box, the, 202, 203 
„ matches, 198, 199 
„ sensation of, 198, 199 
,, -sensation, theories of, 200 
Colours, re-combination of, 181 ; 
of bodies, 197; due to absorp- 
tion, 198 
Compound Microscope, the, 165 
Concave lenses, 113, 120, 121; 
measurements with, 128 



Concave mirror, 91, 92 
Convergent rays, image formed by, 

104 
Convex lenses, 113, 122 ; measure- 
ments with, 126 
„ mirror, 92; formula for, 
94 
Critical angle, definition of, 61 

Defects of vision, 148, 149 ; experi- 
ments on, 150 

Deviation caused by rofraction, 60 

Dispersion, experiments on, 180 ; 
in lenses, 190 

Distinct vision, least distance of, 
153 

Eclipses, 10 

Experimental verifications of for- 
mula, 100, 101, 127 

Experiments, with mirrors, 85; 
with lenses, 116; on the eye, 
145 — 148 ; on defects of vision, 
150; on vision through lenses, 
174—176; with a prism, 178, 
179; on dispersion, 180 

Eye, description of, 142 — 144 ; ex- 
periments on, 145 — 148 

Fizeau's method, velocity of light, 

25,26 
Focal length of a mirror, 87 ; posi- 
tive and negative, 116 

„ „ of a lens, 114 
Focus, principal, of a mirror, 87, 88 

14—2 
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Foons, prineipal, of a lens, 114 
Formation of shadows, 8, 9 
Fonns of lenses, 118 
Fonnnia for a oonoave mirror, 98 
„ for a conyez mirror, 94 
Formulae, oonneoted with a lens, 

ISl ; with direot refraotion at a 

spherical surface, 138 
Fouoault's method, velocity of 

light, 27, 28 . 

Galileo's telescope, 162 
Geometrical construction, applied 
to optical problems, 37 
„ image of a point, 80, 87 
, , representation of the law 
of refraction, 55 
Graphical methods of solution, 29, 
90 

Illuminating power of a source of 
light, 10 ; definition of, 11 

Ulnmination, intensity of, 11 ; 
definition of, 12 

Image of a point formed by direct 

refraction, 75, 120 ; formed 

by reflection in a concave 

mirror, 91 

, , formed by convergent rays, 104 

Images, 33 ; definitions of, 84—36 ; 
multiple, 47, 48; formed by a 
lens, 119 

Intensity of illumination, 11 ; de- 
finition of, 12 

Inverse square, law of the, 18, 14 ; 
experimental verification of, 19 

Kaleidoscope, the, 46 

Lantern, the optical, 139 

Lateral inversion, 89 

Law of the inverse square, 18, 14 ; 

experimental verification of, 19 
Laws of refiexion, verification of, 
31,82 
„ of refraction, 53; geometri- 
cal representation of, 55 ; 
experiments on, 58 
Lenses, 112; definition of, 113; 
thin, 115; experiments with, 116; 



forms of, 118 ; images formed by, 
119; concave, 113, 120, 121; 
convex, 118, 122 ; vision through, 
129; formulflB connected with, 
181 ; special problems with, 132; 
simple microscope, 159 ; experi- 
ments on vision through, 174, 
175; dispersion in, 190 

Light, nature of, 8, 28 ; terms used 
in connection with, 4; rays of, 
5 ; rectilinear propagation of, 6, 
7 ; velocity of, 21 — ^24 ; reflexion 
of, 30 ; at plane surfaces, 40 — 44 

Long-sight, or hypermetropia, 149 

Luminous bodies, 8 
„ points, 38 

Magnification, measurement of, 103 

Magnifying power of a mirror, 96 ; 
definition of, 96 

Measurement, of the radius of a 
mirror, 102; of magnification, 
103; with convex lenses, 126; 
with concave lenses, 128 

Methods of calculation, 99 

Microscope, the simple, 156; the 
compound, 165 

Bficroscope lenses, simple, 159 

Mirror, luminous points reflected 
in, 38 ; experiments with, 85 ; 
centre of curvature of , 86 ; spheri- 
cal, 86; axis of, 87; concave, 
91, 93 ; convex, 92 ; formula for, 
94 ; magnifying power of, 96 

Mixtures of pigments, 199 

Multiple images, 47, 48 

, , reflexions, experiments on, 
45 

Natural colours due to absorption, 

198 
Nature of Light, 3, 28 
Non-luminous bodies, 8 

Observations on refraction, 69, 70 
Ophthalmoscope, the, description 

of, 170, 171 
Optical bench, the, 17—19 

„ lantern, the, 139 

„ medium, 4 
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Parallel rays, 88, 106 

Photograpnio Camera, the, 141 

Photometer, Bmnford's, 16; Bun- 
sen's, 17 

Photometry, 15 

Pigments, mixtures of, 199 

Point, image of a, formed by direct 
refraction, 75 ; geometricid image 
of, 80, 87; formed by reflexion in 
a concave mirror* 91 

Principal focus, 87, 88, 114 

Prism, refraction Uirough, 68 ; ex- 
periments with, 178, 179; path 
of rays through, 182 

Problems with lenses, 132 

Propagation of light, rectilinear, 
6,7 

Kadius of a mirror, measurement 
of, 102 

Bays, of light, 5; parallel, 88; 
convergent, 104; parallel, 106 

Be-combination of colours, 181 

Bectilinear propagation of light, 
6,7 

Befleoting telescopes, 163 

Beflexion, laws of, verification of, 
31, 32 ; caustics formed by, 106 

Beflexion of light, 30; definition 
of, 30; at plane surfaces, 40 — 44, 
84; total, 60 

Befraction, simple experiments on, 
49—62, 70—74; laws of, 63; 
geometrical representation of, 66 ; 
experiments on, 68; deviation 
caused by, 60; through a plate 
of a transparent medium, 67; 
throu^ a prism, 68; observa- 
tions on, 69, 70; at spherical 
surfaces, 109, 111 

Befractive Index, 63 

Beversal of the Spectrum, 196 

Bumford's Photometer, 16 

Sensation of colour, 198, 199; 
theories of, 200 



Sextant, the, description of, 167, 

168 
Shadows, formation of, 8, 9 
Short-sight, or myopia^ 148, 149 
Signs, convention as to, 89 
Solar spectrum, the, 196, 197 
Solutions, graphical, 90 
Source of light, illuminating power 

of, 10 
Spectacles, 164, 165 
Spectrometer, description of, 169 ; 

path of rays through, 189 
Spectrum, production of, 186, 187, 

189 ; of an incandescent gas, 194 ; 

of an incandescent soUd, 194; 

absorption, 196; reversal of, 196; 

the Solar, 196, 197 
Spectrum analysis, 193 
Spherical mirrors, 86, 107 

„ surfaces, refraction at, 
109—111 
Stars, aberration of, 24 

Telescope, 169; the astronomical, 

160; GaUleo's, 162; reflecting, 

163 
Terms used in connection with 

Ught, 4 
Theories of colour sensation, 200 
Total reflexion, 60; experiments 

on, 61 — 63; conditions for, 63; 

consequences of, 66, 66 

Velocity of light, 21—24; Fizeau's 
method, 26, 26; Foucault's 
method, 27, 28; graphical 
methods of solution, 29 

Verification of the laws of reflexion, 
31,32 

Verifications, experimental, 100, 
101 

Vision, defects of, 148, 149; ex- 
periments on, 160; binocular, 
161; experiments on — through 
lenses, 174—176 

Vision through a lens, 129 
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